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Instructions to Authors 


1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be, 
submitted for publication 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang” 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (b) bibliography, (c) foot- 
notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
jit. The title page should carry the title of the paper, the authorship, and the 


“name of the institution or laboratory of origin. 


8. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
. paper. The title should not include chemical formulas, but chemical symbols may 


., be used to indicate the structure of isotopically labeled compounds. A running 


title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (6) Experimental (or Methods), (c) Results, (d) Discussion, (e¢) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(6) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described | 
with a minimum of discussion. Bred 

(d) The discussion should be restricted to the significance of the data obtained. | 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the [| 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” “personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “‘in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between [| 
successive lines of text. Unusually complicated structural formulas or mathe- [| 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving — 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. | 
If an experimental condition, such as the number of animals, dosage, concentration {| 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, | * 
and, whenever space can be saved thereby, statistical methods should be em- | “ 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. cl 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 8$ by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, ®, 0,@, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 


companied by an explanatory legend. 
8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of | 
changes, other than correction of printer’s errors, will be charged to authors. 
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9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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set up for a given experiment, which it 
will then carry to completion, turning 
itself off when the job is done. The 
T/F model here will handle routine 
fractionation competently. Based on a 
simple rate-of-flow principle, it will 
collect any number of samples up to 
200, each sample comprising any vol- 
ume from a few drops up to 28 cc (or 
more, on special order). 


lution, save staff time and labor. Ca sry Dhisi 


For hyper-critica] determinations, 
this Technicon Collector employs a 
photo-electric drop counter and 
totalizer, shown here. Each collection 
will comprise an identical number 
of drops, yielding samples of iden- 
tical volume. Send for the detailed 
bulletin describing these precision 
instruments. 


5 EAST 149th ST., NEW YORK 51, N. Y. 
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GERO’S 
Biological 


Chemistry 


| (An Introduction 
Just Published! To Biochemistry) 


A BIOLOGICAL -CHEMISTRY To Bridge by ALEXANDER GERO, Ph.D. 


The Gap Between The Standard One-Year of 
College Organic Chemistry Course And Philadelphia, Formerly Associate 


Physiological Chemistry In Medical School! Professor of aun Villanova 
ollege 


In this new text, Dr. Gero relates the subject of biochemistry to organic chemistry 
presenting undergraduate biochemistry in such a way that it does not overlap into 
the medical biochemistry course. Throughout the text, basic chemical principles as 
they apply to biochemistry are stressed, rather than the physiological applications- 
Dr. Gero also covers the following special topics which do not appear in the gen- 
eral biochemistries now available: Physical chemistry as it relates to biochemistry— 
Electronic Theory—Optical Activity—Heterocycles—Relation of Chemical structure 
to physiological activity—Research methods and some syntheses of important com- 
pounds. This new volume will be especially helpful to students pointing 
towards the professions, or those majoring in chemistry or biology. Ss 500 


a 

a 
THE BLAKISTON COMPANY, INC. 
gs 575 Madison Ave., New York 22, N. Y. 105 Bond Street, Toronto 2, Canada : 

& Please send me: _ copies Gero’s BIOLOGICAL CHEMISTRY $5.00 - 
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RESEARCH BIOCHEMICALS 


for 


BIOLOGICAL and MICROBIOLOGICAL 
INVESTIGATIONS 


AMINO ACIDS 


A complete selection of more than 100 
amino acids of maximum purity for use 
in all nutritional investigations. 


“VITAMIN FREE”? CASEIN 
HYDROLYSATE 


Pre-tested for microbiological vitamin 
assays. High maximum acid produc- 
tion. Low ‘“‘blanks’’. 


NUCLEOPROTEINS—PURINES 
PYRIMIDINES 


Adenosine Triphosphate e Adenine Sul- 
fate e Adenine e Adenylic Acid « Aden- 
osine e Ammonium Uridylatee Cytidine 
Acid e Guanylic Acid ¢ Guanine e Gua- 
nosine e Nucleates « Ribose Nucleic 
Acid e Thymine e Uracil e Uridylic 
Acid e Uramil e Xanthine e Xanthosine 
See Catalog for many Related Bio- 
chemicals 


“VITAMIN FREE”? CASEIN 
(Hot alcohol Extracted) 
Treated to remove fat and water-solu- 
ble vitamins. A valuable source of pro- 
tein nitrogen of exceptional purity for 
incorporation into diets to produce 
vitamin deficiencies. 


MISCELLANEOUS 
BIOCHEMICALS 


Alpha Keto Glutaric Acid ¢ Bilirubin 
Cephalin « Cozymase e Cytochrome C 
e Dopa e Glutamine e Glutathione e 
Glycogen e Heparin e Hypoxanthine e 
Protamine Sulfate Ribose « Sodium 
Glycerolphosphate « See our Catalog 
for Complete Listing 


WRITE FOR 
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CATALOGUE 
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JANUARY 1953 
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@ Variable Capacities 
0 to 3.2 gal/min. 


@ Fixed capacity units 
-175 to 4.8 gal/min. 


© Sterilizable by steam 
autoclaving. 


@ Made of non-pyrogenic 
materials, 


@ Pump instantly 
detachable. 


e Easily disassembled 
for cleaning. 


@ Non-pulsating positive 
displacement. 


@ Self-lubricating oilless 
bearings. 


Automatic volumetric 
dispensing controls 
available. 


A New High in 
Metering Efficiency 


Sainless STee/ 
Merering Fumps 


These pumps are designed and built for those requiring the utmost in accuracy 
and dependability in the metering of small volumes of liquid. They provide 
for precision control in the dispensing of hot or cold viscous or non-viscous 
liquids such as soaps, oils, perfume, liquid fat, wax, glue, beverages, fruit 
juices and numerous chemicals. And they have been found equally valuable 
for the control of biological fluids and other sterile solutions. 

The flow of the Maisch Pump is continuous, smooth and non-pulsating. 
Variable speed is instantly adjustable to the exact amount desired from 
zero/ml sec to the maximum capacity of the pump. The simple design permits 
easy disassembly for cleaning and sterilizing. 

Materials used in Maisch Pumps are non-pyrogenic and remain sterile 
while dispensing sterile liquids. They resist corrosion and chemical reaction 
of most liquids and do not contaminate or otherwise affect the quality and 
flavor of beverages. 

Maisch Pumps are available in a wide variety of types and capacities 
ranging from zero to 4.8 gallons per minute. Write today for complete 
details and prices. 


CENTRAL SCIENTIFIC COMPANY 
1700 IRVING PARK ROAD e CHICAGO 13, ILLINOIS 
CHICAGO NEWARK BOSTON WASHINGTON OETROIT SAN FRANCISCO 
SANTA CLARA LOS ANGELES TORONTO MONTREAL VANCOUVER OTTAWA 


REFINERY SUPPLY COMPANY 
621 EAST FOURTH STREET © TULSA 3,OKLAHOMA 
2215 McKINNEY AVENUE © HOUSTON 3, TEXAS 
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IS AS NEAR TO YOU 


AS YOUR TELEPHONE 


Wherever you are in the United States, whatever 
your problem or your requirements, just pick up 
your ’phone and call Mr. Dan Broida, EVergreen 
| 3529, St. Louis, Missouri—and reverse the charges. 


Adenosine Diphosphste @ Glycil-Glycine Triphosp ridine Nucleotide 
Adenosine Triphosphate e Inesinic Acid | Glucose-6-Phosphate Dehydrogenase 
Adenosine-5-Phosphoric Acid @ Arachine _ Tris Aminomethane 
p-Chloromercuribenzoic Acid e Cosymase Dihydro Diphosphopyridine Nucleotide 
Adenophos @ Phenolphthalein Phosphate 
Calcium Phosphate Gel e Cytochrome-C 
Creatine Phosphate e Glucose Oxidase 
Cytosine Menthol Glucuronic Acid 
Phenolphthalein Glucuronide 
Flavin Adenine Dinucleotide 
Pregnanediol Glucuronidate 
p-Nitrophenyl Phosphate 
p-Nitrophenyl Sulphate 
o-lodosobenzoic Acid 
Estriol Glucuronide 
Glucose-6-Phosphate 
8-Glucuronidase 


wire or phone, collect, to 


SIGMA 


CHEMICAL COMPANY 


4648 EASTON AVENUE, ST. LOUIS 13, MO, USA 
Manufacturers of the finest biochemicals available 
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a 
SAY, BILL, WERE GOING TO ENLARGE 
OUR LABORATORY AND NEED SOME 


IDEAS ON EQUIPMENT... 


WHEN CAN YOU COME OVER?” 


“ILL BE OVER FIRST THING IN 


THE MORNING, TOM, AND 
THANKS FOR CALLING.” 


From PYREX° test tubes fir to vacuum ovens fa, 


your Laboratory Dealer can help 


you select the right equipment 


Whether you are expanding lab 
facilities, doing some new experi- 
mental work or simply replacing 
equipment, it pays to consult your 
Laboratory Dealer. He has a good 
working knowledge of laboratory 
requirements. He stocks all kinds of 
equipment for your convenience. 
He is the first to learn of new de- 
velopments by equipment manu- 
facturers. And he has complete in- 
formation on virtually every type of 
laboratory equipment right at his 
finger tips. 

Take PYREX brand, VYCOR 
brand and CORNING brand lab- 


oratory glassware, for example. 


Your dealer maintains ample stocks 
of these popular brands at all times 
(some 2200 items in all). We at 
Corning are quick to inform him of 
new products, improvements in and 
new uses for existing products. All 
other manufacturers do the same. 
So your Laboratory Dealer is 
well qualified to assist you in select- 
ing the equipment that will do the 
best job at the lowest cost. And, in 
most instances, he is as near to you 
as the telephone on your desk. Be 
sure to keep in touch with him. 


CORNING GLASS WORKS, CORNING, N. Y. 
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Deeminac — new, inexpensive, simple to operate 


Deeminac operates by the use of 
ion exchange resins, producing water 
equal in quality to that obtained by 
triple distillation. Smallest size filter 
will produce an average of twenty gal- 
lons of water containing maximum im- 
purities of 10 parts per million. Color 
change indicates exhaustion of deion- 
izing power, when the filter should be 
replaced. Will remove salts of cal- 
cium, magnesium, sodium, iron and 
other metallic ions, as well as bicar- 
bonate, sulfate, chloride and silicate. 
Consists of polyethylene bottle and 


alee scientific vivision oF A. s. ALOE COMPANY 


5655 Kingsbury ¢ St. Louis 12, Missouri 
los Angeles San Francisco New Orleans Kansas City ¢ Minneapolis Atlanta 


Washington, D. C. 


filter. To operate, simply fill bottle 
with water; plug in the filter. Three 
sizes: 6-ounce bottle with 2-ounce fil- 
ter; 8-ounce bottle with 3-ounce filter; 
16-ounce bottle with 4-ounce filter. 
JL39216 — Deeminac, Water Deioniz- 
er, complete, bottle and filter. 
Capacity, oz. 6 8 16 
Each....... $1.75 $2.25 $3.00 
JL39218 — Deeminac Replacement Fil- 
ter. 
Capacity, oz. 2 3 4 
Two for....$2.50 $3.50 $4.50 
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ONE QUICK SQUEEZE 
| _, AND RAW WATER 
iS CHEMICALLY PURE 
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Basic Principles Cl early Presented— 


Topics in 
Physical 
Chemistry 


2nd Edition 


By W. Mansfield Clark, 
P4.D., Se.D. 

DeLamar Professor of Physio- 

logical Chemistry, 

The School of Medicine, 

The Johns Hopkins University 


Second edition thoroughly revised: many 
sections rewritten, many illustrations of 
important principles added, treatment of 
difficult subjects expanded. 

Presents the principles of classical phys- 
ical chemistry, with particular emphasis 
on their biochemical applications; pro- 
vides background and perspective for ad- 


vanced studies. 


Confines data to typical cases; empha- 
sizes diagrams and the embodiment of 
principles in equations. 

The author understands what informa- 
803 pp. 


176 figs. 


tion is important to the medical student 
and medical investigator, and covers a 
wide range of subjects—several of which 
are not included in elementary texts of 
physical chemistry. In every case, Dr 
Clark’s long teaching experience has 
shown that such review material is needed. 


“This book, like Dr. Clark’s previous 
writings, bears witness to his sound schol- 
arship and his practical turn of mind. 
The reviewer is glad to recommend it to 
teachers and research workers in biochem- 
istry as well as to students of medicine.”— 
Archives of Biochemistry 
$10.00 


The Williams & Wilkins Company 


Mt. Royal and Guilford Aves. 


Baltimore 2, Maryland 
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with your 


use the best 


olution Supply Service 


A Leitz maintains its high tradition of service to science 
medicine. Its Solution Supply Service makes 
= your clinical colorimetric work infinitely easier. 


Preparing solutions and reagents demands accuracy 
fe, and uniformity, time and effort. Leitz does all this 

~ preparation for you, delivers fresh supplies promptly 
upon receipt of your order, saves you all the burdens. 


SOLUTIONS AND REAGENTS: Leitz uses only 
the purest chemicals which meet the high stand- 
ards of the American Chemical Society. You 
get consistent results from large scale produc- 
tion and carefully controlled conditions. 


GLASSWARE: Available for you are special 
pipettes, absorption cells, blood sugar tubes 
and all other necessary items fo run your deter- 
minations ...a stainless steel test tube rack with 
snap-on cover for easy washing, draining and 
drying of 16 absorption cells. 


NQMAS Leitz precision combination hemoglobin 
¢ pipette (ratio tolerance within +2%) 
Code word—LSPEC $4.80. 


Ask your dealer to demonstrate the Leitz Rouy- 
Photrometer. COMPARE it with any other instrument 
-»- SEE the differences which make Leitz superior. 


For details write Dept. B 
E. LEITZ, Inmc., 304HudsonSt., New York13,N.Y. 


LEITZ SCIENTIFIC INSTRUMENTS *© MICROSCOPES ¢ BINOCULARS 
LEICA CAMERAS AND ACCESSORIES 
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COMPLETE 
TEST DIETS 


SPECIAL DIET 
INGREDIENTS 


Vitamin Tost (Vitamin Free) 


Vitamin Supplements 
Hydrolysates 
Animal 


MICROBIOLOGICAL 
MEDIA 


Agar U.S.P. 
Beef 
Vitamin Casein Hydrolysate 
one 


Yeast Solution 
Niacin Basal Medium (Lyophilized) 


[A READY REFERENCE 
That will Save Time for You 


"Use this catalog as a “one stop” 
source of Amino Acids, Vitamins, 


zolium Salts, Enzymes, Microbio- WRITE FOR 
logical and Bacteriological Media, YOUR COPY 
Complete Animal Test Diets and TODAY 
Ingredients for investigational use. 


GENERAL BIOCHEMICALS, INC- 


64 LABORATORY PARK © CHAGRIN FALLS, OHIO 


NEW Fast SCALER 


@ Wide sensitivity range. 

linear amplification from 
1 er to 1 volt for G-M and proportional 
counting ... New wide-range non-overloading 
amplifier ... Dependable drift-free power up to 
$000 volts, ‘continuously variable... Electri 
reset register and timer... Easier to ‘read and use 
with new slope-mounted chassis... Write for 
complete information. 


Complete 1953 Catalog 


All Nuclear Instruments, Chemi- 
cals and Accessories are described 

in the complete 1953 Catalo 
Write for your free copy today! 


nuclear INSTRUMENT & 
CHEMICAL CORP. 
267 West Erie Street oe Chicago 10, Illinois 


Branch OR New York, N. Y.—Los Angeles, 


alif.—Silver Spring, Maryland 
nuclear  wecchnes Instrumentation for Nuclear 
ea ents 


New Model With Pre-Set 
Diaphragm Control 


35mm EXAKTA “VX” 


Single Lens Reflex Camera for 

Parallax-Free Scientific Photogra 
The Exakta, with instantly le lenses, 
widely used. by biological chemists for on type of 
research photography. Its unique through-the-lens 
viewing system assures absolutely Puntos ‘fon-the- 
subject” eens =o in extreme close-ups or through 
the microscope deal camera for making color 
transparencies—a necessity for recording and lectur- 


Weth {2.8 Zeiss Tessar ‘‘T’’ Coated Lens with 


Pre-Set Diaphragm....................... $269.50 
Penta-Prism Level Reflex Viewfinder... 50.00 
Extension Tube Set........................ 2 
Microscope Adapter......................... 


op 29.50 
Write Dept. 1500 z free descriptive booklet ‘‘O”’ on 
camera and accessories and brochure on close-up fa 
nique with the Exaktia. 
EXAKTA CAMERA CO. 

46 West 29th St., New York 1, N. Y. 
Exclusive Sales And Service Organization In The U.S.A. 

For Ihagee Camera Works, Germany 


Reg. U. S. Pat. Off. 
| | nuclear 
MODEL 
182 
Vitamin A Test Diet | 
**Biotin-Free” Test Diet 
Vitamin B-Complex Test Diet 
Vitamin Test Diet 
(M Salts) 
Chick Basal Test Diet 
Low-Calcium Test Diet : 
*‘Choline-Free” Test Diet 
Low-Iodine Test Diet 
' Low Folic Test Diet 
**Protein-Free” Test Diet 4 
Low-Protein Test Diet 
Normal-Protein Test Diet i 
Low-Sodium Test Diet 
Scorbutigenic Test Diet 
Ra No. 2, U.S.P. ji 
Test Diet _ 
Close-Up ofEye 
Taken With 
New Exakta § 
“VX” Camera 
|= 
Carbohydrates, Adenylates, Nu- = 3 
cleates, Purines, Pyrimidines, Tetra- | E 
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Labeled 


CARBON-14 COMPOUNDS 


A comprehensive new listing of all stock Tracerlab 
Carbon-!4 chemicals, featuring several new com- 
pounds and showing reduced minimum order quan- 
tities and prices, is contained in the December issue 
of Tracerlog. 


Research workers in the biological field will be 
particularly interested in such biologically active 
compounds as Dl-glutamic acid, DL-tyrosine, glycine, 
DL-aspartic acid, DL-histidine and other amino acids; 
succinic acid, pyruvate and alloxan. Soon to be 
available is DL-epinephrine-d-bitartrate. 


= 


Ini 


A large stock of useful C-14 tagged intermediates 
is also maintained including such recent additions as 
sodium formate, urea, acetyl chloride and aceto- 
phenone (carbonyl labeled). 


In addition to the list of compounds, Tracerlog also 
contains information on planned new syntheses, an 
explanation of our custom syntheses arrangement and 
details on a newly established clearing house for 
tagged compounds. The Tracerlab Radioanalytical 
Group has included information on its commercial 
counting services. A short section is also devoted to 
suggested instrumentation for establishing a Carbon-14 
laboratory. 


TRACERLOG No. 47B with its COMPLETE list- 
ing of C-14 chemicals and NEW LOW PRICES 
will be sent on request. 


4 ¢ 


lub 


130 HIGH ST., BOSTON, MASS. 
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MICRO 


SPECIFIC GRAVITY PIPETTES 
With volume adjusted to within +0.001 ml 


9036-A. 9036-B. 


Micro Specific Gravity Pipettes. A modification of the Ostwald-Folin pipette, 
with capillary bore and with glass cap ground to fit the tapered beveled tip of the 
delivery stem; as designed and used in the Chemistry Department of New York 
University. Overall length approximately 150 mm; volume adjusted to within 
+0.001 ml on all sizes, but ikon certificate of accuracy. See J. B. Niederl and 
V. Niederl, Micromethods of Quantitative Organic Analysis, 2nd ed. (1942), p. 39. 
9036-A. Micro Specific Gravity Pipettes, as above described, complete with 10 inches of rubber tub- 

ing and mouthpiece. 


10% discount in lots of 12 or more, one size or assorted. 


Micro Specific Gravity Pipette, Alber. Generally similar to above but for the 
determination of the specific gravity of highly volatile, viscous or hygroscopic 
liquids. With two small, close fitting, ground glass caps to seal the pipette at both 
ends. Adjusted to contain 0.1 ml at 20°C, with volume adjusted to within +0.001 
ml, but without certificate of accuracy. See H. K. Alber, Ind. & Eng. Chem., Anal. 
Ed., Vol. 12, No. 12 (Dec. 18, 1940), p. 764. 

_ 9036-B. Micro Specific Gravity Pipette, Alber, as above described, complete with 10 inches of rubber 
tubing and mouthpiece, glass tube with plastic screw cap for storing the glass parts, and 


n 
10% discount in lots of 12 or more. 


NOTE—Above Pipettes can be furnished with unofficial certificate indicating the correction 
to the fourth decimal place at approximately $1.00 each. 


ARTHUR H. THOMAS COMPANY 


LABORATORY APPARATUS AND REAGENTS 
WEST WASHINGTON SQUARE 
PHILADELPHIA 5, PA. 

Teletype Services: Western Union WUX and Bell System PH-72 
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THE UTILIZATION OF PURINE RIBOTIDES BY 
LACTOBACILLUS CASEI* 


By M. EARL BALIS, DANIEL H. LEVIN, ann GEORGE 
BOSWORTH BROWN 


(From the Laboratories of the Sloan-Kettering Institute for Cancer Research, 
New York, New York) 


AND GERTRUDE B. ELION, HENRY VANDERWERFYF, anp 
GEORGE H. HITCHINGS 


(From the Wellcome Research Laboratories, Tuckahoe, New York) 
(Received for publication, July 11, 1952) 


Studies of the incorporation of a number of purines (1, 2) and purine 
ribosides (3) into the pentose nucleic acid! of Lactobacillus casei have now 
been extended to the various adenine and guanine ribotides. Previous 
studies have shown that adenine and guanine are incorporated more ex- 
tensively than are their ribosides, and that the relative conversions of the 
ribosides into PNA adenine and guanine differ from those of the purines. 
It was therefore concluded that the main route of incorporation of either 
the free purines or the ribosides did not include each other as a principal 
intermediate. We have now investigated the utilization of several purine 
nucleotides and the effectiveness of a series of mono- and dinucleotides in 
blocking the toxicity of 2 ,6-diaminopurine. 


EXPERIMENTAL 


The guanylic and adenylic acids, a and b, labeled with C" in the purine 
ring, were obtained from Dr. Herbert Weinfeld.2 The purity of these 
compounds was determined by spectral and chromatographic assays. The 
DPN, TPN, and FAD (15 per cent pure) were obtained from the Sigma 


Chemical Company. 
The incorporation experiments were carried out according to procedures 
previously reported (1, 3). The isomeric nucleotides were sterilized by 


* This investigation was supported in part by grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
from the Atomic Energy Commission, contract No. AT(30-1)-910. 

1 The following symbols are employed: ADP, adenosinediphosphate; ATP, adeno- 
sinetriphosphate; DAP, 2,6-diaminopurine; DPN, diphosphopyridine nucleotide; 
FAD, flavin-adenine dinucleotide; PNA, pentose nucleic acid; TPN, triphosphopyr- 
idine nucleotide; AMP-a, adenylic acid a; AMP-b, adenylic acid b; GMP-a guanylic 
acid a; GMP-b, guanylic acid b; AMP-5, adenosine-5’-phosphate. 

2 These compounds were prepared by biosynthesis with yeast (4) grown in a me- 
dium containing adenine-8-C%. 
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filtration and added under sterile conditions to the autoclaved medium. 
The bacteria were grown in 400 ml. of a medium, OFA, containing 0.05 
myugm. of folic acid per ml. (5), a modification of the medium of Landy and 
Dicken (6). The cultures were incubated at 37° for 48 hours. The purines 
were precipitated as silver salts from an ammoniacal solution after acid 
hydrolysis of the nucleic acid. The individual purines were assayed after 
chromatographic separation on filter paper. 

The radioactivity measurements were made with an internal Geiger- 
Miller flow counter (Radiation Counter Laboratories, mark 12, model 1, 
helium-isobutane gas). The samples were counted for a sufficient length 
of time to give a standard error of 3 per cent or less, except in those cases 
in which an actual value is given in Table II. No coincidence corrections 
were necessary. Duplicate and triplicate assays of isolated purines gave 
means within 5 per cent of the extremes. Unless otherwise noted, all the 
activities are reported in terms of relative specific activity (RSA), defined 
as 


c.p.m. per uM isolated compound 


x 100 
¢c.p.m. per uM supplement 


RSA = 


The growth and inhibition studies were performed as described in the 
accompanying paper (7). The OT medium contained 1 y per ml. of thy- 


mine. 


RESULTS AND DISCUSSION 


The b isomers of adenylic and guanylic acids, when added to a folic 
acid-free medium, support the growth of L. caset much more extensively 
than do the a isomers or adenosine-5’-phosphate (Table I). Since the 
growth of the microorganism is proportional to the logarithm of the con- 
centration of purine (8), the b isomers support growth many times as well 
as the a isomers (Table I). It is possible that the small amount of growth 
with the a isomers represents trace contamination with b acids or free base. 
An alternative possibility is that some cleavage to the free base or isomer- 
ization of the a to the b isomer occurred during incubation. The same 
explanation might also apply to the results obtained with adenosine-5’- 
phosphate. Regardless of the mechanism by which the less effective com- 
pounds support growth, the difference between the isomers is obvious. 

Measurement of incorporation with labeled nucleotides in a folic acid- 
containing medium (Table II) showed that the b isomers are incorporated 
to a far greater extent than are the a isomers. Furthermore, the differen- 
tial between the two forms is consistent with the differences in growth 
found in the folic acid-free medium. The apparent higher utilization of 
the guanylic acids compared with those of the corresponding adenylic acids 
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is a manifestation of the higher concentrations of the former. The differ- 


ences are compatible with the fact that the synthesis de novo is inversely 
TABLE I 
Effect of Ribotides on Growth of L. casei in OT Medium 
Compound | Concentration, y per 10 ml. | Acid wees - 0.1 N acid 
| | 
Control | 0.8 
AMP-a | 40 1.3 
| 160 2.4 
AMP-b | 40 3.9 
| 160 6.0 
6-40 6.5 
AMP-5 | 40 1.0 
| 160 1.7 
640 2.6 
GMP-a | 120 | 1.3 
| 320 | 3.0 
GMP-b | 40 3.1 
| 120 | 3.9 
| 160 | 5.1 
640 | 5.4 
TaBLe II 
Incorporation of C'4-Labeled Ribotides in OFA* Medium 
j | 
Amount ‘Titer, ml. 0. 
Supplement added PNA purine RSA NaOH 
y per ml. | uM total | | 10gml. 
| | | | 
82 AMP-a 7.53 8.66 Adenine | 5.2 
| | Guanine Ot Ca. 
s3 | AMP-b 7.53 | 8.66 | Adenine | 91 5.0 
| Guanine 73 
S4 GMP-a 12.44 13.6 Adenine 10t 5.1 
| Guanine St 
85 GMP-b 12.44 | 13.6 Adenine 100 | 4.9 
Guanine | 95 


. * The medium contained 0.05 mugm. per ml. of folic acid. 
+ The numbering is a continuation from the previous manuscripts which con- 
tained Experiments 1 through 68 (1) and Experiments 69 through 81 (3) on L. casez. 
t Counted with a standard error of 20 per cent. 


proportional to the molarity of the exogenous purine over the range of 


2 concentration considered here (1). 
B It must be borne in mind that the compounds are labeled in the purine 
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ring, and the tracer data therefore do not permit a decision as to whether 
or not the ribotides are incorporated in toto. The data of Rose and 
Schweigert (9) with ribosides provide precedents for both types of incor- 
poration. However, the microbiological results reported here strongly 
suggest that it is the nucleotides per se which are important. Adenylic acid 
b (Table I) leads to essentially the same growth as does adenine (8), but in 
the case of the mutant L. casei (7) adenylic acid 6 is utilized many times 
more efficiently than is adenine. The high microbiological activity of the 
b isomers compared to that of the a isomers is compatible with the hy- 
pothesis that the linkage characteristic of the b isomers is a predominant 
one in PNA (10, 11). 

The preferential utilization of the b isomers of adenylic and guanylic 
acids is apparently not confined to L. casei. Guthrie? has found that 
several mutants of Escherichia coli and Bacillus subtilis which have purine 
requirements satisfied by adenine will also utilize adenylic acid b but not 
the a isomer; those which will use guanine will grow on guanylic acid b 
but not on guanylic acid a. The preference of microorganisms for the b 
isomers may explain the frequent loss of guanylic acid b in the course of 
isolation of the nucleotides on ion exchange columns (12, 13), a loss pre- 
sumably due to bacterial growth. 

Other work with L. casez (1-3) has indicated that the incorporation of 
purines does not go primarily via their ribosides and that the ribosides are 
similarly not incorporated via the free bases. The b nucleotides are in all 
instances at least as good as the corresponding free bases and in some 
instances are better (Table II; see Balis et al. (1)). In view of the high 
utilization of the b ribotides the hypothesis that these compounds are 
intermediates in the incorporation of the free bases or the ribosides is highly 
attractive, although not proved by these data. The fact that adenylic 
acid b is ineffective in reversing the inhibitory effects of diaminopurine 
(Table III), while adenine does effect this reversal, suggests that this 
nucleotide is not metabolized via the free purine. This fact also serves to 
discredit an otherwise attractive hypothesis regarding the mode and site of 
action of diaminopurine. Adenylic acid 6 is utilized as well in the diami- 
nopurine-resistant mutant as in the wild strain, whereas the mutant utilizes 
free adenine poorly (7). From this it might be postulated that the primary 
difference in the mutant is a biochemical block of a mechanism for conver- 
sion of adenine to adenylic acid b. To relate such a change to the diami- 
nopurine resistance of the mutant, it would be necessary to assume that 
diaminopurine acts primarily on this incorporation of adenine, and, as a 
corollary, adenylic acid b would be expected to reverse the effects of diami- 
nopurine in the wild strain. However, since adenylic acid b fails to block 


3 Guthrie, R., private communication. 
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the inhibitory effects of diaminopurine, this explanation is obviously un- 
tenable. 

The hypothesis that the inhibitory action of diaminopurine is exerted 
after its conversion into some derivative remains attractive. The possibil- 


TaB.LeE III 
Effect of Ribotides on Inhibition of L. casei by Diaminopurine in OFA Medium 
.. | Titer, ml. 0.1 N Control titer,* | 
Y | | 
10 1.7 | 8.3 —80 
10 Adenine 2 4.5 8.4 —46 
10 9 6.6 ye 8.6 | —10 
10 Guanine 6.6 6.5 8.6 —25 
10 GMP-b 20 2.5 8.5 —70 
10 100 5.2 9.3 —44 
10 Urethane 1000 1.7 7.9 —79 
10 TPN 100 2.4 8.3 —71 
10 DPN 100 2.1 7.5 —72 
10 AMP-5 100 2.1 8.3 —75 
10 FADt 400 4.0 11.2 —64 
50 0.8 8.2 —90 
50 AMP-b 10 2.15 6.2 —65 
50 7" 30 3.8 8.2 —53 
50 Adenine 6.6 7.2 8.2 —10 
1000 0.8 8.5 —92 
1000 AMP-b 100 1.1 8.9 —838 
1000 AMP-a 100 0.9 8.0 —89 
1000 GMP-b 60 1.7 9.6 —82 
1000 " 180 1.4 11.4 —88 
1000 AMP-5 100 0.7 8.7 —92 
1000 ADP 120 0.9 8.9 —90 
1000 ATP 140 0.9 9.0 —90 
1000 FADt 400 2.2 11.2 —80 
1000 Adenine 20 9.6 9.5 0 
* Titer obtained when no DAP is present. 
(Titer with compound being tested) — (control titer) x 100 


Control titer 
{15 per cent FAD. 


ity that one of the more common adenine-containing nucleotides might be 
in fact the hypothetical compound antagonized by the diaminopurine ana- 
logue was examined. No ability to reverse the toxicity of diaminopurine 
was exhibited by adenosinediphosphate, adenosinetriphosphate, diphospho- 
pyridine nucleotide, triphosphopyridine nucleotide, or flavin-adenine di- 
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nucleotide (Table III). In view of a recent finding by Skipper‘ that 
diaminopurine and urethane activity were antagonistic to each other, the 
possibility that urethane might reverse diaminopurine inhibition of L. casei 
was tested, but no activity was observed (Table III). 


SUMMARY 


The b isomers of the nucleotides of adenine and guanine were shown to 
support the growth of L. casez as effectively as the free bases. The a 
isomers and adenosine-5’-phosphate were greatly inferior in this respect. 
Data on incorporation, obtained by the use of ribonucleotides labeled in 
the purine ring with C™, were in agreement with the results of the growth 
studies. It appears probable that the observed activities of these ribotides 
are characteristic of the nucleotides per se. 

In an effort to find the locus of action of diaminopurine a number of 
adenine-containing mono- or dinucleotides were tested for their possible 
ability to reverse the inhibitory effect of 2,6-diaminopurine, but none of 
these was found to be effective. 
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Extensive studies on the purine metabolism of Lactobacillus casei (1—6) 
have been part of programs dealing with nucleic acid metabolism (7), the 
investigation of antagonists of nucleic acid constituents (8-10), and the 
mechanisms by which such antimetabolites interfere with nucleic acid me- 
tabolism. The strong inhibitory action of 2,6-diaminopurine on L. casei 
(3, 8, 9) is of particular interest because of its specificity. Only adenine, 
among all of the natural purines, ribosides, and ribotides tested, can over- 
come the inhibitory action of high levels of diaminopurine in this micro- 
organism (3). The findings that 2,6-diaminopurine is incorporated into 
the pentose nucleic acid (PNA) guanine of the rat (11) and is a good 
precursor of both of the PNA purines of L. casez (6), provided some ade- 
nine or guanine is present, have provoked further investigation of the 
mechanism of action of diaminopurine. Numerous experiments with radio- 
actively labeled purines (6) had revealed that, although diaminopurine is a 
good precursor of PNA purines, it appears to interfere to some extent with 
the interconversion of the adenine and guanine moieties of the PNA. 
However, the inhibitory action of diaminopurine appeared to be better 
explained by a primary need of the microorganism for adenine, for some 
purpose other than incorporation into PNA purines, and a possible com- 
petition between diaminopurine and adenine in this system. 

A different approach to the problem is the subject of the present report. 
A mutant of L. casei has been selected which is able to grow in a folic 
acid-containing medium having high concentrations of 2 ,6-diaminopurine. 
The purine metabolism of this diaminopurine-resistant strain has been 
studied in order to determine what differences in metabolic pathways are 


* This investigation was supported by grants from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service, and from the 
Atomic Energy Commission, contract No. AT(30-1)-910. Presented before the 
Federation of American Societies for Experimental Biology, New York, April, 1952. 
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associated with resistance to inhibition by diaminopurine. Data on both 
growth and incorporation reveal many similarities and several very interest- 
ing differences in the purine metabolism of the wild and mutant strains. 


EXPERIMENTAL 


Medium—tThe microbiological experiments were carried out as described 
previously (8). By addition of supplements to the basal medium (QO) the 
following media were obtained: OT, O + 1 y of thymine per ml.; OFA, 
O + 0.05 mugm. of folic acid per ml. 

Inocula—The seed cultures of the wild strain of L. casei are grown as 
recommended by Snell and Strong (12) and used as described previously 
(8). 

We are indebted to Dr. B. D. Davis for the isolation of the diamino- 
purine-resistant strain of L. casei, referred to as the mutant in this paper. 
This mutant was obtained by plating a large population of the wild type 
on solid media containing 100 y of 2,6-diaminopurine per ml. and isolating 
one of the few colonies which appeared. The seed cultures of the mutant 
are grown in the same way as the wild strain except that 100 y per ml. of 
2 ,6-diaminopurine are added to the culture medium. 

Materials—The adenine-8-C', guanine-8-C"™, 2 ,6-diaminopurine-2-C", 
and isoguanine-2-C! were obtained as described previously (6, 13). The 
sodium formate-C' was obtained from Technical Associates and the gly- 
cine-2-C'* from Tracerlab, Inc. The diaminopurine riboside and the cro- 
tonoside-2-C' were prepared by Lowy, Davoll, and Brown (14). The 
labeled adenylic and guanylic acids were those furnished by Dr. H. Wein- 
feld (15). . The purity of the compounds used was determined by spectral, 
chromatographic, and microbiological assays. 

Methods—For the growth studies reported herein, the medium containing 
all the supplements was sterilized by autoclaving 20 minutes at 15 pounds 
pressure before inoculation. In the case of the ribosides and ribotides 
control experiments were conducted in which solutions of these compounds 
were sterilized by filtration and added under sterile conditions to the auto- 
claved medium. No significant differences in growth were observed by the 
two methods. After inoculation, the cultures were incubated at 37° for 68 
hours. Growth was measured by titration of 10 ml. cultures with 0.1 N 
sodium hydroxide. 

For the incorporation studies, 400 ml. of medium were used in each case. 
Sodium formate-C" and all ribosides and ribotides were sterilized by filtra- 
tion and added aseptically to the autoclaved medium. The bacteria were 
collected by centrifugation after incubation at 37° for 48 hours and washed 
with cold 5 per cent trichloroacetic acid, followed by alcohol as described 
by Balis et al. (6). The weight of the dried bacteria is reported as a meas- 


| 
>» 


We 


ELION, VANDERWERFF, HITCHINGS, BALIS, LEVIN, BROWN 9 


ure of growth. The PNA purines were isolated by procedures previously 
reported (6). | 

The radioactivity measurements were made with an internal Geiger- 
Miiller flow counter (Radiation Counter Laboratories, mark 12, model 1, 
helium-isobutane gas). The samples were counted a sufficient length of 
time to give a standard error of 3 per cent or less. No coincidence correc- 
tions were necessary. Unless otherwise noted, all the activities are re- 
ported in terms of relative specific activity (RSA), defined as 


c.p.m. per uM isolated compound 


RSA = xX 100 
c.p.m. per uM supplement 
| —A 
4b 
3 
2 5 
DAP 
'|so-G 


2 4 8 16 32 64 128 256 
Millimicromoles of Purine Per MI. 
Fic. 1. Growth of mutant with various purines. The medium contains 1 y per 
ml. of thymine and one of the following: G, guanine; X, xanthine; H, hypoxanthine; 
A, adenine; DAP, 2,6-diaminopurine; Jso-G, isoguanine. 


Results 


The ability of the diaminopurine-resistant mutant to grow in a medium 
containing thymine and a number of free purines is shown in Fig. 1. Like 
the wild strain (2), this mutant can utilize guanine, xanthine, and hy- 
poxanthine equally well for growth and is unable to use 2 ,6-diaminopurine 
or isoguanine as a sole source of purine. The mutant differs from the wild 
strain, however, in its decreased ability to grow on adenine (Fig. 1). 

A comparison of the growth-supporting properties of the ribosides and 
ribotides of adenine and guanine with those of the free purines is given in 
Figs. 2 and 3. As in the wild strain (13, 15) the ribosides, guanosine and 
adenosine, are poorly utilized, as are the a isomers of the ribotides, while 
adenylic acid b and guanylic acid b support growth well. It will be noted 
(Fig. 2) that adenine is no better than adenosine, adenylic acid a, or ade- 
nosine-5-phosphate as a growth factor, while guanine (Fig. 3) is far bet- 
ter than guanosine or guanylic acid a. 

A number of other purine ribosides likewise support the growth of the 
mutant strain. In order of their decreasing effectiveness they are diamino- 
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purine riboside > inosine > xanthosine (Table I). Isoguanine riboside 
cannot serve as the sole source of purine.} 

Incorporation studies with C'*-labeled purines on the wild strain of J. 
casei (6, 17) have shown that this microorganism can use exogenous purines, 
ribosides (13), and ribotides as sources of PNA purines, even when growing 
in a folic acid-containing medium. The amount of synthesis de novo at any 


Titer 


4 8 16 32 64 128 256 
Millimicromoles Per Ml. 


Fig. 2. Growth of mutant with various derivatives of adenine. Thymine, 1 y per ml. 


| 


Titer 


- NW 


4 8 16 32 64 128 256 
Millimicromoles Per MI. 
Fic. 3. Growth of mutant with various derivatives of guanine. Thymine, 1 y per ml. 


particular level of folic acid is proportional to the reciprocal of the concen- 
tration of the exogenous purine, whether that purine is adenine, guanine, 
or diaminopurine (6). Similar experiments with the mutant are reported 
in Table II. When supplied at the same concentrations in an OFA med- 
ium, guanine furnishes about 85 per cent of the PNA purines, whereas 
adenine supplies only 26 per cent of the PNA adenine and 12 per cent of 
the PNA guanine (Experiments 86 and 87). However, in the wild strain, 

1 It was previously reported that crotonoside could support the growth of this 


mutant strain (16). This growth was found to be due to a slight contamination with 
folic acid, which could be eliminated by treatment with Darco at pH 3. 
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over 90 per cent of the PNA purines can be cutived from adenine under 
these conditions (6). 

Since growth in the presence of 10 y per ml. of diaminopurine hydrate 
was very poor in the OFA medium, the folic acid concentration in Experi- 
ment 88 was increased to 0.625 myugm. per ml. Under these conditions, 
diaminopurine supplies only 7.5 per cent of the PNA adenine and 22 per 
cent of the PNA guanine. This cannot be compared with an exactly 
analogous experiment in the wild strain, since diaminopurine does not per- 
mit the growth of the wild strain at this concentration unless adenine or 
guanine is present. However, it is significant that, with the wild strain 


TABLE | 
Effect of Ribosides on Growth of Wild and Mutant Strains of L. casei in OT Medium 


Acid production, ml. 0.1 N acid per 10 ml. 
Compound Concentration 
Mutant Wild 
| uM per 10 mil 
Inosine 0.112 1.3 
| 0.448 1.8 1.6 
| 1.79 3.4 3.2 
Xanthosine | 0.105 1.3 
| 0.420 1.6 | 1.6 
| 1.27 2.6 | 2.6 
2,6-Diaminopurine ribo- | 0.105 1.6 | 
side | 0.420 3.6 | 1.2 
| 1.68 5.4 | 1.6 
Isoguanine riboside | 2.86 1.1 | 0.8 
Control | 1.0 | 0.8 


- 


at this same high folic acid concentration, 5 y per ml. of diaminopurine 
supply as much as 75 to 80 per cent of both PNA purines when 0.67 y 
per ml. of adenine or guanine is also present (6). 

Isoguanine, in the mutant as in the wild strain (13), is incapable of 
supporting growth and is utilized only in trace amounts in a folie acid- 
containing medium (Experiment 89, Table IT). 

The extent to which adenylic acids a and b and guanylic acids a and b 
serve as sources of the PNA purines was determined in two ways. The 
incorporation of labeled sodium formate was used as a measure of the 
amount of purine synthesis which occurs de novo.?_ It was thus possible to 
calculate indirectly the percentages of the PNA purines derived from the 
exogenous nucleotides (Experiments 90 to 92, Table II). In addition, the 


? This method is described fully in Balis et al. (6). 
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incorporation of the purine moieties of the labeled nucleotides was measured | su} 
directly (Experiments 93 to 96). Whereas adenylic acid a is utilized even (E 
less effectively than adenine (Experiments 93 and 86), adenylic acid b can or 
TaB_e II 
Incorporation of Purines, Ribosides, and Ribotides into PNA Purines in OF A Medium os 
Per cent derived | th 
from supplements | 
Experi- Supplement (00 = labeled Amount, 7 by Bacte- le 
compound) per ml.* difference) rial dry 
De moro 
me. 
86 | Adenine 6.78 (20) Adenine 2 # 74 66 (% 
Guanine 12 | SS 
87 Guanine 7.5 (20) Adenine 88 109 - 
Guanine | 87 
88t Diaminopurine 10 (23.8) Adenine 7.6 92.5) 
hydrate Guanine 22 78 5 
89  Isoguanine sulfate 2.32 (4.7) Adenine 1 99 62 
Guanine 2.6 97.4 
90 | Sodium formate 20 (118) Adenine 96 4t 100 - 
AMP-b 18.8 (21.6) Guanine — 8&8 12 
91 | Sodium formate 20 Adenine 7 93t 56 
GMP-a 19.6 (21.6) Guanine 4 96 
92 Sodium formate 20 Adenine 85 15f 97 
GMP-b 19.6 Guanine 95 5 
93 AMP-a 18.8 Adenine 5 95 49 
Guanine 4 | %6 
94. AMP-b 18.8 Adenine 93 7 123 1 
Guanine 95 5 
95 GMP-a 19.6 Adenine 2.6 97.5 47 a 
Guanine 14 86 
96 | GMP-b 19.6 Adenine 80 20 102 r 
Guanine | 82 18 I 
97 | Isoguanine riboside 4.2 (5.9) Adenine 0 100 66 t 
Guanine 0 100 
98 | Glycine 60 (320) Adenine 0 | 100§ 71 I 
Isoguanine riboside 4.2 Guanine 0 100 ( 
99 Glycine 60 Adenine 18 82§ 92 ( 
| Diaminopurine riboside 4.2 (5.9) Guanine 63 37 { 
AMP-a and AMP-b represent adenylic acids a and b, respectively; GMP-a and 
GMP-b, guanylic acids a and b, respectively. 
* The figures in parentheses represent amounts in micromoles per 400 ml. 
+ The medium contained 0.625 mygm. per ml. of folic acid. 
t The fraction of the RSA obtained compared with the RSA when sodium formate 
alone was added. For the method see Balis et al. (6). 


§ The fraction of the RSA obtained compared with the RSA when C'‘-glycine 
alone was added. 
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supply over 90 per cent of the PNA purines under the same conditions 
(Experiments 90 and 94). Similarly, guanylic acid b is utilized as well as 
or better than free guanine (Experiments 87, 92, 96), while guanylic acid 
a is a very poor source of PNA purines (Experiments 91, 95). This is in 
agreement with the growth data in Fig. 3. The values obtained by direct 
measurement (Experiments 93 to 96) are undoubtedly more reliable than 
those obtained by the indirect method (Experiments 90 to 92). Neverthe- 
less the agreement between the two sets of data is quite satisfactory. 

As in the wild strain (13), isoguanine riboside cannot supply the purine 
moieties of the PNA in the mutant (Experiments 97, 98). Diaminopurine 


TaBLe III 


Competitive Incorporations of Diaminopurine and Other Purines into PNA Purines 
in OT Medium 


| Per cent derived from | 
] dded* (00 = labeled : 
Other 
oar | 
meg. 
100 DAP + guanine Adenine 21 79 || 84.5 
Guanine 19 81 
101 | DAP + hypoxanthine Adenine 16 St 93.5 
Guanine 18 82 
102 | DAP + xanthine Adenine 17 83 40 
Guanine 12 ss 


* 23.8 um of each supplement were added in 400 ml. of medium containing 1 y per 
ml. of thymine. 


riboside, on the other hand, supplies 63 per cent of the PNA guanine of the 
mutant (Experiment 99) as compared with the 49 per cent derived from 
this riboside in the wild strain (13). This greater utilization of diamino- 
purine riboside may be related to its superior ability to support the growth 
of the mutant (Table I). The fraction of PNA adenine derived from 
diaminopurine riboside is considerably lower than for the PNA guanine; 
this is also true in the wild strain (13). It will be noted that in Experi- 
ments 98 and 99 labeled glycine was used in place of sodium formate as a 
measure of the synthesis occurring de novo. 

Diaminopurine has been shown to be a good precursor of PNA purines 
for the wild strain in the presence of adenine or guanine (6). However, if 
diaminopurine is supplied to the mutant in an OT medium in equimolar 
proportions with guanine, hypoxanthine, or xanthine, it is utilized to a 
much smaller extent than any of the other three purines (Table III). 
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With adenine and diaminopurine the growth of the mutant is too poor to 
obtain valid data on incorporation. 


DISCUSSION 


A mutant of L. caset, which is resistant to inhibition by 2 ,6-diamino- 
purine (3), was studied. Its purine metabolism pattern is similar to that 
of the wild strain in a number of respects. Both strains can grow well with 
guanine, hypoxanthine, or xanthine as a sole source of purine, in the absence 
of folic acid, whereas the ribosides of these three purines are in each case 
inferior to the free purine bases. For both strains the b isomers of adenylic 
and guanylic acids are far better purine sources than the corresponding a 
isomers. The mutant, but not the wild strain, is able to grow in the 
presence of diaminopurine in an OFA medium, but it, like the wild strain, 
cannot use diaminopurine, isoguanine, or isoguanine riboside as its sole 
source of purine in a thymine-containing medium. 

The metabolic differences between the mutant and the wild strain lie in 
the greatly decreased ability of the mutant to utilize adenine and diamino- 
purine and the increased ability to utilize diaminopurine riboside (Tig. 1, 
Tables I and IT). 

The biochemical nature of the mutation involved in diaminopurine re- 
sistance would appear to involve the alteration of an enzyme system which 
deals, normally, with the incorporation of adenine. Many of the present 
results can be explained if it is assumed that the diaminopurine and adenine 
are incorporated by the same mechanism. As proposed earlier (6), the 
inhibitory effects of diaminopurine may be viewed as the result of its 
action on some specific adenine-containing product, such as a coenzyme, 
which may conceivably be involved in the interconversions of the purine 
moieties. Alternative routes to this specific metabolite must be available 
via the folic acid system and from other purines, nucleosides, and nucleo- 
tides since all of these will support growth. Adenine, however, is specific 
in the restoration of growth when high levels of diaminopurine are present, 
and it therefore appears to play some unique, perhaps direct, rdle in the 
formation of this metabolite. It might be that diaminopurine interferes 
in all the pathways for the formation of this hypothetical substance; how- 
ever, a simpler assumption is that diaminopurine is incorporated into an 
analogue of the metabolite via the direct pathway by which adenine is 
incorporated, and that it is the diaminopurine-containing analogue which 
is the active inhibitor. By the elimination of this direct pathway in the 
mutant, diaminopurine is largely excluded and its inhibitory effects are 
thereby avoided. The residual incorporation of diaminopurine and ade- 
nine shown by the mutant may reflect an incomplete elimination of this 
enzyme system or the presence of alternative, normally minor, routes by 
which these two purines are incorporated in both strains. 
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It is apparent from incorporation studies (Experiment 99 and Balis e¢ al. 
(13)) that the purine moiety of diaminopurine riboside can be converted 
into PNA guanine and adenine in both wild and mutant strains. Whether 
the interconversion occurs via the nucleotide, guanosine, or some other 
intermediate is not known. However, the main route cannot be via free 
diaminopurine, since the riboside is far less inhibitory than the free purine 
for the wild strain and is better utilized by the mutant. 

Nevertheless, a small proportion of free diaminopurine might arise from 
the riboside in both strains. If this occurs, the sensitivity of the wild 
strain to the free purine and the resistance of the mutant could account for 
the greater ability of the latter to grow with diaminopurine riboside as the 
sole source of purine. No direct test for the liberation of traces of diamino- 
purine from its riboside appears to be available. 


We are indebted to Dr. Bernard D. Davis of the Tuberculosis Research 
Laboratory, United States Public Health Service, Cornell University Med- 
ical College, for the isolation of the diaminopurine-resistant mutant of L. 


case?. 
SUMMARY 


The purine metabolism of a diaminopurine-resistant mutant of Lacto- 
bacillus casei has been studied by growth experiments and by measurements 
of the incorporation of various purines, purine ribosides, and ribotides 
which were labeled with C™ in the purine moiety. . 

The mutant differs metabolically from the wild strain in its decreased 
incorporation of adenine and diaminopurine into the PNA purines, and in 
its greater ability to grow with diaminopurine riboside as a sole source of 
purine. 

The biochemical! differences found are in line with the fact that diamino- 
purine is a competitive antagonist of adenine. 

It is suggested that diaminopurine and adenine are metabolized via the 
same primary pathway in the wild strain, and that it is the alteration or 
elimination of this mechanism which accounts for the resistance of the 
mutant to diaminopurine. 
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EFFECT OF pH ON CHOLESTEROL SYNTHESIS BY SURVIVING 
RAT LIVER* 


By GEORGE L. CURRAN 


(From the Research Laboratories, The Mary Imogene Bassett Hospital,t 
Cooperstown, New York) 


(Received for publication, July 17, 1952) 


In the surviving rat liver technique employed in the study of the inter- 
mediary metabolism of cholesterol, the liver slices are usually incubated in 
a salt solution of poor buffering capacity such as the Krebs-Ringer-phos- 
phate buffer (1). It has been found in this laboratory that the initial 
pH 7.3 to 7.4 of 30 cc. of this medium containing 2 or 3 gm. of liver slices 
falls rapidly during a 2 hour incubation period to a final value of 6.5 to 6.2. 
For this reason, the effect of hydrogen ion concentration per se on the rate 
of cholesterol synthesis was determined. The experimental data presented 
in this paper demonstrate an increased rate of cholesterol synthesis at pH 
values below 7.2. 


EXPERIMENTAL 


Preparation of Sodium Acetate-1-C'*—Methyl magnesium bromide was 
carbonated with CO». 

Buffer Soluttons—Isotonic buffer solutions were prepared from NaH.-- 
PO,-H2O, Na2HPO,, NaCl, KCl, and MgSO,-7H,O. All the buffers con- 
tained 154 m.eq. of Na+ per liter, 4.6 m.eq. of K+ per liter, and 1.9 m.eq. 
of Mg++ per liter. The concentration of PO varied from 234 to 251 
m.eq. per liter. 

Liver Cell Cluster Technique—Livers from young male rats were placed 
in a chilled buffer and then ground in a Mouli type grater. The resultant 
pulp was rapidly pressed through 30 mesh stainless steel screening fitted to 
two chilled 50 cc. syringes and collected in a centrifuge tube filled with cold 
buffer. The tubes were centrifuged at 400 r.p.m. in a refrigerated centri- 
fuge at 5° for 5 minutes, and the supernatant removed by decanting. Then 
the cells were washed and recentrifuged twice with the appropriate buffer. 
The liver preparation so obtained consists of rectangular cubes of liver cells 
whose average measurements are 0.6 X 0.25 X 0.6mm. After the second 
washing, the cell clusters were transferred by nipple pipette to flasks con- 


* This investigation was supported in part by a research grant from the National 
Heart Institute, National Institutes of Health, United States Public Health Service, 
and in part by a grant from the American Heart Association. 

+t Affiliated with Columbia University. 
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taining 30 cc. of buffer and labeled acetate. The flasks were gassed with 
95 per cent O2-5 per cent COs, sealed, and incubated for 3 hours. The pH 
of the buffer in each pot was measured at the beginning and end of the 
incubation period in a Cambridge Instrument Company pH meter with 
potassium acid phthalate as the standard. 


FATTY ACIDS 

CHOLESTEROL x 

= DIGITONIDE 
3500 

ed 

uJ 


RADIOACTIVITY 
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Fig. 1. Incorporation of C' from sodium acetate-1-C™ (1.026 mc. per mm) into 
cholesterol digitonide, BaCO;, and fatty acids in the range of pH 3 to 8. Each pot 
contained 4 to 5 gm. of liver cell clusters (wet weight), 30 cc. of buffer, and 10 mg. of 
acetate. The numbers in parentheses represent the pH of buffer at the end of a3 
hour incubation. 
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Liver Tissue Slice Technique—Slices were prepared from young male rat 
livers in the usual manner (2). The slices were incubated in 30 cc. of the 
appropriate buffer at 37° with shaking for 0.5 hour in a 95 per cent O,-5 
per cent CO, atmosphere. The buffer solution was decanted off; labeled 
acetate in 1 cc. of isotonic saline and sufficient fresh buffer were added to 


bring the final volume to 30 cc. The mixtures were incubated at 37° in a 


95 per cent O.-5 per cent CO» atmosphere for 1 hour. 


Isolation Procedures—Fatty acids, CO2 as BaCQO3, and cholesterol as the © 
digitonide were isolated as described previously (2). In several instances _ 
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cholesterol was prepared from the digitonide by the pyridine method (3) 
and recrystallized until a melting point of 145-147° was obtained. 

Isotope Analyses—C* activity was measured with a thin window Geiger- 
Miller counter. The counting vessels were sintered steel dishes 2.0 sq. 


TaBLe I 
Synthesis of Cholesterol at Various pH Ranges from Sodium Acetate-1-C'** 


Experiment No. Start of Pat end of BaCO; carbon, c.p.m. | 
la 7.35 7.13 1.01 xX 105 3,460 164 
Ib 7.17 7.00 1.63 * 105 6,180 407 
le 7.07 6.93 1.77 X 105 5,940 202 
1d 6.84 6.73 2.78 X 105 13,480 609 
le 6.62 6.59 3.42 « 105 13,700 366 
2a 7.38 7.21 4.38 < 104 366 55 
2b 6.79 6.74 1.34 * 105 6,210 129 
2¢ 6.52 6.47 1.66 105 8,760 138 
2d 6.27 6.22 1.58 & 105 6 , 360 127 
2e 5.93 5.94 2.12 & 105 4,050 89 
3a 7.38 7.14 7.64 X 104 1,017 84 
3b 6.79 | 6.70 1.87 & 105 7,840 161 
6.52 6.46 2.30 105 9 680 208 
3d 6.2 | 62 2.19 105 7,260 98 
3e 5.93 5.88 3.24 105 5,100 96 
3f 5.48 5.56 2.28 & 105 1,112 43 
3g 4.92 5.35 1.83 & 105 252 17 
da 7.41 7.25 2.3 Xx 105 755 54 
4b 7.2 3 7.07 2.7 xX 105 1,120 | 7 
de 6.95 3.3 105 856 77 
4d | 6.92 6.84 2.9 x 105 804 95 
Je 3.8 xX 105 1,770 | 87 
4f 6.58 | 6.58 3.2 x 105 1,595 | 


* In Experiment 1 each pot contained 7.0 mg. of CH;C!*OONa-3H20 (1.026 me. 
per mM) and in the other experiments 5.0 mg. Experiment 4 was incubated for 1 
hour and the other experiments for 3 hours. Each pot contained 4 to 5 gm. (wet 
weight) of liver cell clusters (Experiments 1, 2, 3) or 3 gm. of liver slices (Experi- 
ment 4) from male rats weighing 60 to 120 gm. 


em. in area. When necessary, correction to infinite thickness was made 
from known data (4). Sufficient counts were taken to give a standard 
deviation of less than 5 per cent. 


Results 


The incorporation into cholesterol of C'4 from carboxyl-labeled acetate 
at a pH range of 3 to 8 is shown graphically in Fig. 1. The radioactivity 
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of cholesterol synthesized at intermediate pH’s is presented in Table I. 
Below pH 7.2 and above pH 6.0, there is a marked increase in the rate of 
cholesterol synthesis as compared with the synthetic rate in the pH range, 
7.2 to 7.4. The optimal pH for cholesterol synthesis is 6.5. Above pH 
7.2 and below pH 5.5, the rate of incorporation of C' from carboxyl-labeled 
acetate into cholesterol falls off sharply. 

The incorporation of C'* into fatty acids parallels that for cholesterol, 
but the increase at the lower pH values is of a much lower order of magni- 
tude. The conversion of C'*-carboxyl-labeled acetate to radioactive CO, 
is markedly increased in the pH range of 4 to 7. 

The better contact with the buffer and dissolved substrates, resulting 
from the greatly increased surface area and the decreased thickness of the 
liver cell cluster preparation (Experiments 1, 2, and 3, Table I), as con- 
trasted to liver slices (Experiment 4, Table I) is reflected in the greater 
effect of low pH on cholesterol synthesis, as shown in Table I. In seven 
similar experiments with liver slices, the rate of C' incorporation into 
cholesterol from carboxyl-labeled acetate at pH 6.5 to 6.8 averaged 4.3 
times that at pH 7.2 to 7.4; in seven experiments with liver cell clusters, 
the rate at pH 6.5 to 6.8 averaged 11.7 times that at pH 7.2 to 7.4. 


DISCUSSION 


Although the optimal pH range for cholesterol synthesis in vitro is below 
any value obtained in normal or pathological blood or extracellular fluid, 
it is of interest to note that the pH of normal cytoplasm from many differ- 
ent types of cells has been found to lie in the range of 6.8 to 7.0 (5). The 
effect of changes in the acid-base balance of extracellular fluid on the pH 
within the liver cells is not known. In view of the magnitude of the 
increase in cholesterol synthesis caused by a drop in pH to 6.5, it is, how- 
ever, possible to advance the hypothesis that reduction in intracellular pH 
may play a rdéle in the hypercholesterolemia found in diseases associated 
with disturbances in acid-base balance such as diabetes mellitus. 


SUMMARY 


The rate of cholesterol synthesis by surviving rat liver at pH 6.0 to 7.2 
is markedly greater than at pH 7.2 to 7.4. The optimal pH range for 
cholesterol synthesis in vitro is 6.2 to 6.8. 


I am indebted to Mr. Owen Clute and Mrs. John A. Richardson for 
technical assistance. 
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ON THE FOLIC ACID ACTIVITY OF HUMAN BLOOD* 


By GERRIT TOENNIES, HENRY G. FRANK, ann DOROTHY L. GALLANT 


(From the Institute for Cancer Research and the Lankenau Hospital Research Institute, 
Philadelphia, Pennsylvania) 


(Received for publication, April 22, 1952) 


Ixnowledge of folic acid and related factors present in the human circu- 
latory system seems important from a fundamental point of view, and 
particularly because of the use of folic acid antimetabolites in experimental 
cancer therapy. Available data are fragmentary and conflicting, as is 
shown in condensed form by Table I. In Table I experiments involving 
the use of Taka-Diastase have been disregarded, since these results were 
shown to be meaningless because conjugases of the blood liberate folic acid 
from conjugates present in the enzyme preparation, rather than vice 
versa (3, 4). 

Our own earlier results (5), which were 5 to 10 times as high as those 
reported by others, were obtained without the use of anticoagulants or 
extraneous enzyme preparations, and without removal of blood proteins, 
bacterial growth response being measured by titration rather than turbid- 
imetrically, because of the presence of suspended protein. Further investi- 
gation was directed toward clarification of the factors responsible for the 
divergent results, specifically, the possible réle of the presence of anti- 
coagulants, the rdéle of heat treatment (sterilization), and the rdéle of the 
blood proteins. Experiments showed that different anticoagulants vield 
different results even though, in the concentrations used, they do not 
directly influence the growth of the assay organisms Lactobacillus casei and 
Streptococcus lactis R. A summary of these findings is included in Table 
I. It also became clear from these data that in the presence of blood pro- 
teins assay response is much higher than after their removal by precipi- 
tation. Because folic acid-active material may conceivably be lost by 
being adsorbed on or combined with blood proteins, the possibility of 
separating the active low molecular factors by dialysis was considered. It 
was decided, for the first phase of the investigation, not to attempt differ- 
entiation between blood cells and plasma nor to apply exogenous conjugase 
sources but merely to establish the conditions under which whole blood 


* Bacterimetric studies VIII. Aided by a fund in memory of Macmillan Hoopes. 
This investigation was also supported in part by a research grant from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service, and by an institutional research grant of the American Cancer Society. 
Presented at the Twelfth International Congress of Pure and Applied Chemistry 
(Section of Biological Chemistry), New York, September, 1951. 
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yields the highest bacterimetric folic acid activity. Pending further char- 
acterization of the factor or factors being measured, the designation FS 
(folacin substitute) is used. 


EXPERIMENTAL 


Dialysis Technique—Fig. 1 serves to illustrate our procedure. The glass- 
stoppered 40 cc. centrifuge tube! contains a measured amount of the desired 


TABLE 
Summary of Data on Folic Acid Activity of Human Blood 


Folacin activity measured by 
Blood fraction and treatment Bibliographic references 
L. caset S. lactis R 
mugm. per cc. mugm. per Cc. 
Whole blood, oxalated 0.5-1.3 Schweigert and Pear- 
| son, 1947 (1) 
<3 <2 Schweigert, 1948 (2); 


Simpson and Schwei- 
gert, 1949 (3) 


autoclaved, filtered | 
| 


Plasma, oxalated 0.5 Schweigert and Pear- 
son, 1947 (1) 
heparinized, Wolff, Drouet, and Kar- 
autoclaved, filtered lin, 1949 (4) 
Whole blood 2-15 Toennies and Gallant, 
1949 (5) 


Whole blood, autoclaved and filtered 


No anticoagulant........ (1.65% 3.7529 0.2% 0.3 2. Present study 
1.00% 2.409 0.207 0.39. 
(1.207 1.9529 0.227 0.3 9 | 
Defibrinated.............) 1.50 9° (0.3 


buffer solution. The inner bag is made from a piece of cellophane casing 
of 1 inch diameter? by tying a knot on one end. The bag is placed into a 
test-tube, the blood sample, after dilution as desired, is added, and the 
bag is closed by another knot. The commercial cellophane casing was 
found to be contaminated with measurable quantities of folic acid-like ma- 
terial. Utilizing the sensitivity of folacin to ultraviolet light (6) we found 
that the blank contribution of the cellophane is completely eliminated by 


1 Made to order by Ace Glass, Inc., Vineland, New Jersey (quotation No. 45856). 
2? 8/32 NoJax casings (Visking Corporation, Chicago, Illinois). 
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irradiating it overnight with ultraviolet light in an aluminum cabinet.’ 
The ultraviolet box serves the twin purposes of sterilizing and rendering 
folic acid-free casing, rubber gloves, forceps, scissors, and other articles 
required in preparing the dialysis samples, and, with the door of the box 
open and the room unoccupied, sterilizing the room atmosphere. Tubes, 
held closed by strong rubber bands, are shaken, in a tilted position, for 
the desired time on a machine at slow speed. After removal of the bag 
bacterimetric analysis is carried out on aliquots of the outer fluid. 
Bacterimetric Technique—The organisms used were L. case: 7469 and S. 
lactis R 8043, as well as Leuconostoc citrovorum 8081. The uniform medium 
and technique serving for all three organisms are described elsewhere (7). 
Generally, blood dialysates were used aseptically, since heat sterilization 
was found to cause significant but variable changes in their folic acid 


RUBBER 
ps 


Fic. 1. Diagram of glass tube, cellophane bag, and rubber band used for the 
dialysis of dilute blood samples. 


activity. Possible effects of different levels of pH and salt concentration 
used in experimental dialysates were eliminated by using proper compen- 
sating solutions. 

Rate of Dialysis—F ig. 2 shows that dialysis is more rapid at 25° than at 3°. 
However, since the peak value is higher at the lower temperature and not 
followed by a rapid decline of activity as at 25°, subsequent dialyses were 
carried out in the cold room at 1-3° for 18 hours. 

Yield versus pH of Dialysis—F ig. 3 shows that the yield of FS approaches 
zero at pH 4 and 12 and that there is a narrow range of maximum yield 
around pH 5.7. 

Yield versus Buffer Concentration—Fig. 4 shows that buffer salt concen- 
tration as well as pH is an important determinant of the yield of FS. This 
effect may be related to protein solubility, since with increasing salt con- 


3A 10 X 15 X 44 inch box of polished sheet aluminum carrying a fluorescent tube 
(Westinghouse Sterilamp WL-782(L)-30) on its ceiling. Articles to be irradiated are 
placed on wire racks. 
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centration the extent of protein precipitation within the dialysis bag visi- 
bly increases. 

Additional experiments led to the adoption of 0.05 m sodium phosphate 
buffers for further dialysis studies. Yields obtained with 0.03 m buffers 


600 
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<a 
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Fic. 2. Rate of dialysis under different conditions. The points on each curve 
represent amounts of L. casei growth produced in a folie acid-free medium by the 
addition of equal aliquots of the outer fluid of several dialysis tubes started simul- 
taneously. Blood was hemolyzed for 30 minutes with 4 volumes of H.0, then diluted 
with salt solution to a 1:6 dilution of blood in 0.50 m CH;COONa, 0.04 m KH2PO,, 
and 0.03 m K2HPO,. The cellophane bags contained 3 ce. portions of the blood solu- 
tion and were dialyzed against 15 cc. portions of outer solution of identical salt 
concentration. Growth measured turbidimetrically in adjusted optical density 


units (AOD) (7). 
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Fig. 3. Yield of L. casei activity versus pH of dialysis. Conditions similar to 
those of Fig. 2, except that different tubes were adjusted to different pH values and 
all were dialyzed in the cold room for 18 hours. The concentration of added salts 
was equal inside and outside the bag. O indicates that 0.2 m acetate buffers were 
used; CD indicates pH adjustment by NaOH in final concentrations of 0.002 to 0.100 mu. 
The pH values were determined electrometrically in the outer fluid at the end of 
dialysis. Folacin was used as the standard of reference. 

Fic. 4. Yield of L. casei activity of dialysate versus pH and salt concentration. 
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were significantly higher than with 0.01 M, but only slightly higher than 
with 0.09 m. 0.05 m phosphate and acetate gave identical results. 
Stability of FS in Dialysate. Relation between L. casei and S. lactis 
Activity—The dialysates obtained in the experiment described by Fig. 4 
were analyzed both with L. case? and S. lactis. Additional aliquots were 


PH55 PH5.7 PH5S.9 
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O DAYS 50 DAYS 50 DAYS 5 

Fic. 5. Relation between L. casei and S. lactis activity, and stability of FS with 
time. The data refer to the dialvsates described by Fig. 4. The solid lines represent 
measurements with L. case?; the dash lines, measurements with S. lactis. For each 
dialvsate the initial L. casei value, calculated as teropterin, is designated as 100 per 
cent. SS. lactis values, likewise interpreted as teropterin, are expressed as per cent 
of the initial L. casei values. The dialysates were stored at approximately +2°. 


analyzed after 2 and 5 days of storage in the refrigerator. The resulting 
data (Fig. 5) indicate that the active factor is highly labile and that stabil- 
ity increases as pH increases and, markedly, with decreasing salt concen- 
tration. While both L. casei and S. lactis values tend to decrease, the ratio 
of S. lactis to L. casei activity consistently increases. In terms of known 
factors, this might suggest liberation of pteroic acid (8). 

Additional observations on the relation between stability and pH are 
shown in Fig. 6. Apparently the point of maximum stability lies between 
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pH 7 and 7.5. Thus stability of the dialyzed product is not the decisive 
determinant of yield, which has its maximum near pH 6 (Fig. 3). The 
presence of 0.015 m sodium fluoride did not significantly affect stability. 

Recurrent indications of improved stability at higher concentrations led 
to the experiment summarized in Table II. A tendency for FS values to 
increase during the first 24 hours or, probably, for a process of liberation 
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Fic. 6. Effect of pH on stability. Aliquots of a fresh dialysate obtained in 0.05 m 
phosphate at pH 5.85 and 1:20 dilution were adjusted by additions of NaOH and 
dilution to different pH levels of 0.05 m phosphate and 1:500 blood dilution. Aliquots 
of each pH level were analyzed by L. casei after 0, 1, 5, and 13 days of storage at 2°. 


to counteract the process of degradation, was apparent in the data of 
Figs. 5 and 6. It is again in evidence in the present series. While there 
is no significant difference in the stability of the 1:100 and 1:500 dilutions, 
the rate of degradation of the 1:20 dilution is less than one-half that of the 
others. It is further seen that all change seems to cease in the frozen state. 
Therefore, quick freezing and low temperature storage were used in subse- 
quent work whenever stabilization was desired. 

Has FS Citrovorum Activity?—For information on this question, of inter- 
est in connection with the problem of the identity of FS, blood dialysates 
from three individuals were assayed with L. casei and L. citrovorum (8081), 
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with folacin and Leucovorin (Lederle) as standards. JL. casei responses 
corresponded to values of 50 to 69 mugm. of folacin per ce. of blood, while 
the L. citrovorum activity of FS, if any, was well below 1 per cent of the L. 
caset activity. Swendseid ef al. (9) found approximately 50 myugm. of 
folinic acid per ec. of leucocytes. As leucocytes represent approximately 
0.5 per cent of the whole blood, their folinie acid content could account for 
0.5 per cent of the total FS activity. 


TaBLe II 
Relation between Stability and Concentration of FS in Dialysate 


Storage in 0.05 m phosphate, pH 5.81. 


Concentration in | | L. casei response, as mugm. folacin per cc. blood, after storage for 


terms of Storage 
temperature 
dilution m | 0 day | 1 day | 5 days | 13 days 
| | | | | 
1:20 | 42 5.8 
1:20 — 20 | 48.0 | | 48.4 
1:100 +2 47.2 48.5 11.4 1.9 
1:500 +2 46. 47.4 5 1.5 


DISCUSSION 


The data reported indicate that human blood contains a factor or factors 
of folacin-like activity for L. casez which as yet cannot be identified with 
any of the known factors of the folic acid group. Its liberation, and pos- 
sibly also its spontaneous inactivation, may involve both the dissociation 
of a protein complex and the action of endogenous conjugase. Work is 
proceeding in applying the techniques here developed to the measurement 
of the quantity of the active factor obtainable from the blood of individuals 
in different categories of sex, age, and state of health or nutrition, as well 
as toward its characterization and identification. 


SUMMARY 


Dialysates prepared from blood hemolysates at low temperature show 
folic acid activities measured by Lactobacillus casei, which are 20 to 100 
times as high as those previously reported for human blood. The active 
factor or factors (termed FS (folacin substitute) pending further character- 
ization) are subject to changes on storage of the dialysates at 2°, an initial 
phase of increase being followed by loss of activity. The rate of these 
changes depends on the concentrations of dialysate and buffer salts, and 
on pH. The rate of loss decreases with increasing concentration of the 
dialysate and decreasing salt concentration and is at a minimum at pH 7 to 
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7.5. The pH optimum for stability differs from the pH optimum for 
dialysis yield which is near pH 6. Compared with its L. casez activity the 
Streptococcus lactis activity of FS is small, indicating non-identity with 
folacin. Non-identity of FS and teropterin is indicated by a comparison 
of their activities for L. casez and S. lactis R. Variations in the L. case7-S. 
lactis activity ratio, and in the relative rates of change of these activities 
on storage, suggest that FS may be multiple in nature. Compared with 
its L. casei activity the Leuconostoc citrovorum activity of FS is negligible. 
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TIME COURSE OF LIPIDE LABELING IN THE INTACT 
MOUSE AND RAT* 


By J. T. Van BRUGGEN, T. T. HUTCHENS,f C. K. CLAYCOMB,{ anv 
EDWARD 8. WEST 


(From the Department of Biochemistry, University of Oregon Medical School, 
Portland, Oregon) 


(Received for publication, June 16, 1952) 


Information on the time course of lipide labeling in the intact animal 
following a single injection of tracer acetate-1-C™ is meager but of potential 
importance in planning and in interpreting experiments in lipide metabo- 
lism. 

Hevesy, Ruyssen, and Beeckmans (1) and Beeckmans, Casier, and Hev- 
esy (2) have shown a rapid attainment of maximum specific activities of 
fatty acids of mice after a single injection of tracer acetate. Limited time 
course data for the rat have also been reported (3). 

This report represents an extension of earlier studies on mice (4) and 
includes time course data for fatty acids and cholesterol fractions over 8 
hours, following a single dose of tracer acetate. In addition, the incor- 
poration of the label of acetate-1-C™ into COs, fatty acids, and cholesterol 
fractions of liver, skin, carcass, gut, and central nervous system of the in- 
tact rat is reported for the period of 7 to 240 minutes following a single 
intraperitoneal injection of a tracer amount of acetate-1-C%. 


Procedure 


Methods—The tissues were saponified in alcoholic KOH and the lipides 
separated into saponifiable and non-saponifiable fractions as described pre- 
viously (5). Wet combustion of organic samples (6) was performed as 
previously described. Radioassays were performed (7) on 5 sq. em. 


* This investigation was supported largely by contract No. AT (45-1)-225 of the 
United States Atomic Energy Commission. <A preliminary report of the data on 
mice was given at the Pacific Northwest Regional meeting of the American Chemical 
Society at Richland, Washington, June 10, 1950. A preliminary report of the data 
on rats was presented at the meeting of the American Society of Biological Chemists 
at New York, April 14-18, 1952. 

+t Research Fellow of the National Institutes of Health, United States Public 
Health Service. 

t Present address, University of Oregon Dental School, Portland, Oregon. Part 
of the data was taken from a thesis submitted by C. K. Claycomb in June, 1951, to 
the Department of Biochemistry of the University of Oregon Medical School in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
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BaCO; samples at or corrected to infinite thickness.!_ Radioassay of du- 
plicate lipide samples by the above techniques shows less than 5 per cent 
variation. All the samples radioassayed, except the brain and spinal cord 
lipides, had counting rates significantly above background. The C-car- 
boxyl-labeled acetate was prepared in this laboratory (8) and contained 
2.68 mc. per mM. 

As a control on the efficiency of separation of unutilized labeled acetate 
from the lipide fractions, four rats were digested separately for 30 minutes, 
1 X 10° c.p.m. of labeled acetate were added to each flask, and further 
digestion and subsequent lipide fractionation were carried out as for the 
metabolic experiments. No activity was found in the lipide fractions of 
these controls. 

Mice—Each of eight 10 to 15 gm. mice received 3 X 10+ ¢c.p.m. per 10 
gm. of weight of acetate-1-C'™ intraperitoneally and pairs were sacrificed 
at 30, 60, 90, and 120 minutes, two animals being combined in the digestion 
flasks. In a second group of eight mice, weighing 23 to 29 gm., each re- 
ceived 3 X 10° ¢.p.m. per 10 gm. of weight. Pairs were sacrificed at 120, 
240, 360, and 480 minutes, each animal was processed separately, and the 
results were averaged. 

Rats—Male Sprague-Dawley rats weighing 180 to 220 gm. were injected 
intraperitoneally with a tracer dose of 1 X 10° c.p.m. of acetate-1-C™ per 
ml. per 100 gm. of body weight. When quantitative CO, collections were 
made, the rat was placed in a closed metabolism chamber immediately 
after injection and CQO.-free air was drawn past the animal and through a 
CO, absorber system containing standard NaOH. Animals were chloro- 
formed in the chamber and were either separated into skin, carcass, gut, 
liver, and brain plus spinal cord fractions or the rats were digested in alco- 
holic KOH without dissection. About 6 minutes were required for tissue 
dissection and weighing. 

Since a number of the animals of the shorter time periods received special 
handling, the details are presented. Two rats were decapitated within 1 


1 The terms used in expressing data on C" are defined as follows: Specific activity 
(s.a.) = calculated counts per minute per mg. of material burned. For samples at 
or above infinite thickness, the s.a. is calculated as follows: (observed c.p.m. per 
BaCO; plate X mg. BaCQO;) + (20 X area in sq. em. X mg. sample burned). The 
total activity present in a fraction is equal to the s.a. times the total mg. of mate- 
rial. The per cent incorporation = (total activity in c.p.m. in fraction) + (activ- 
ity administered in c.p.m.) X 100. The activity administered is radioassayed and 
calculated in a comparable manner. BaCQO; samples were counted either with a thin 
end window Geiger-Miiller tube (Tracerlab, Inc., Boston, Massachusetts) or witha 
gas flow Geiger-Miiller counter (Research Equipment and Service Company, Chi- 
cago, Illinois). The end window tube and the gas flow counter have in our hands 
efficiencies (counts per disintegration) of 0.022 and 0.058 respectively on the basis 
of BaCO; plates prepared from standard Na,C'O; obtained from the National Bu- 
reau of Standards. 
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minute after tracer injection and the tissues separated. These animals are 
reported as in a group of 6-1 minutes, the second numeral indicating the 
time between tracer injection and decapitation. Another pair of rats was 
injected, immediately chloroformed in the metabolism chamber, and de- 
capitated within 2 minutes of injection. These anirnals are listed in the 
6-2 minute group. The two remaining animals of the 6-2 minute group 
were first chloroformed and, just as respiration stopped, were injected with 
the tracer acetate. 2 minutes later the rats were decapitated and an addi- 
tional 4 minutes elapsed before digestion of the total animal was initiated. 
The existence of an active circulation in these chloroformed animals was 
indicated by continued heart action prior to, and active bleeding following, 
decapitation. Appreciable acetate-C™ activity in the blood obtained at 


TABLE I 
Time Course of Lipide Labeling Following Single Injections of Acetate-1-C'* into Mice* 


Time of sacrifice after injection 


30 | 60 | 90 | 120 | 120 | 240 | 360 | 480 

min | min. | min. min. min. min. min. | min. 

Fatty acids —S.a.t (2.3/1.6 0.8 0.6 | 1.12 2.5 | 1.6 | 1.1 
Incorporation,t Jo 1.37, 1.93 1.81 2.53 2.05 2.17 1.99) 2.0 

Cholesterol S.a.t 2.21.5 | 2.3 | 3.0 (29.0 [26.0 26.0 |25.0 
_ Incorporation, % 0.20 0.15 0.15 0.15 0.51 0.36 0.30) 0.27 


* Each value represents the average of two mice. 
t See foot-note 1 of the text; s.a., based on samples counted under a thin end 
window tube. 


decapitation of the last two animals above indicated that transport of the 
tracer had occurred. 


Results 


The data on mice of Table I suggest that maximum incorporation of 
the label occurred prior to the 30 minute period. No progressive change 
is seen during the 480 minutes studied. The variations in lipide incorpora- 
tion figures in this time are felt to represent the normal biological variations 
of such preparations. Whereas the fatty acid specific activities of the first 
group showed an apparent progressive decrease, the per cent incorporation 
figures? did not show this change. 


2 Since variations in lipide masses and in the amount of label administered will 
cause variations of similar magnitude in specific activities, it seems more desirable 
to evaluate the results in terms of the per cent of the administered dose incorporated 
into the total lipide fraction. This per cent incorporation figure is independent of 
the amount of label administered and, in effect, corrects for variations in lipide 
masses. 
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The data of Table II indicate a rapid incorporation of the label of ace- 
tate-1-C' into both fatty acid and cholesterol fractions of the rats, the 
maxima being reached in 22 minutes or less. This rapidity makes difficult 
the precise determination of the early portion of the time course of lipide 
labeling. After the rapid attainment of the maxima, the incorporation of 
the label showed no significant change in the subsequent 4 hours. The 


TABLE II 


Incorporation of C'4 of Acetate-1-C'* into Carbon Dioxide, Fatty Acids, and Cholesterol 
Following Single Injection of Label into Intact Rats* 


Per cent incorporationt 


Time | No. of animals | Fatty acids | Cholesterol | CO2 
| Ranget Average | Ranget | Average | Average 

min. | 

6-1§ 2 0.92 | 0.01 

6-2§ 4 1.6-5.3 4.3 0.09-0.2 0.15 

21 2 (0.67 

36 2 | (0.85 19.8 

66 6 3.34.9] 4.0 |0.6-1.4; 0.67 39.2 

126 5 | 3.0-7.0 4.3 —60.6 -1.3 | 0.95 45.0 

180 3 | 3.2-5.3 | 4.0 110-15; 1.25 

240 1 2.46.2; 4.0 0.75-1.1 0.91 86.0 


* The lipide incorporation figures listed through the 126 minute period represent, 
for two of the animals in each group, the sum of the individual tissue values detailed 
in Table III. 

t See foot-note 1 of the text. 

t When the ranges of values are not given, two animals or the tissues from the 
two animals were processed together. 

§ The second number represents the time between injection and decapitation as 


described in the text. 

| Two of these animals were fasted 24 hours. Lipide values were raised to com- 
pensate for the 40 per cent decrease in fatty acid and 20 per cent decrease in choles- 
terol incorporation that follows a 24 hour fast (5). 


wide range of values reported at each time interval precludes the detection 
of minor progressive changes. 

The time course of COs, excretion listed in Table II is representative of 
a larger series of normals, agrees with data reported by Gould et al. (9), 
and indicates normal availability of the label to the metabolic processes in 
these groups. 

The contribution of various tissues to the total lipides discussed above 
is indicated by the data of Table III. The five tissues studied show early 
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attainment of the maxima and little progressive change during the 217 
minute period. Again, the values for any one tissue over the 21 to 126 
minute period are felt to represent normal ranges. 


TaBLeE III 


Incorporation of C'4 of Acetate-1-C'* into Fatty Acid and Cholesterol Fractions of Five 
Tissues of Twelve Rats Included in Table II 


Per cent incorporation* 
Time Fatty acidst 
Liver | Gut Carcass Skin | 
min. 
6-1 0.02 | ot | 0.0 
36 1.90 0.53 0.008 
66 | 0.92 0.97 0.008 
126 1.61 | 2.53 1.89 | 0.99 0.013 
Cholesterolt 

6-1 0.002 #00 0.001 0.0 0.0 
6-2 0.11 0.09 0.015 0.005 0.0005 
21 | 0.32 0.14 0.14 0.07 0.003 
36 0.21 0.07 0.03 0.002 
66 0.11 0.21 0.08 0.04 0.001 

0.48 0.34 0.11 0.004 


126 0.37 


* See foot-note 1 of the text. 

+t Each value represents the average of two rats. 

t Because of the low but measurable activity present in gut and carcass samples 
of the 6-1 minute group of animals, the fatty acids of these tissues were extensively 
purified through Cu-Ca salts (10), solvent partitions, and treatment with digitonin. 
Specific activities were changed less than 5 per cent by such treatment. 


DISCUSSION 


A rapid attainment of a maximum is consistent with the rates of peri- 
toneal absorption and tissue utilization of a single intraperitoneal dose of 
labeled acetate in the rat (11). This information allows the approximation 
of only the speed with which acetate carbon atoms may travel from the site 
of tracer injection to their destination in lipide structures. It is not feas- 
ible to attempt an evaluation of lipogenic rates or changes in such rates on 
the basis of short term time course experiments unless a knowledge of total 
carbon flow through the system has been obtained. 
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The relative constancy of the incorporation figures following the early 
rise is consistent with lipide half times determined by others (3, 12). 

On the basis of a rapid fall in the specific activities of mouse liver fatty 
acid after an initial rise Hevesy et al. (1) have postulated the presence of 
a “rapidly renewable fatty acid fraction” in this tissue. These mice showed 
a 4-fold variation in peak response and the time of maximum specific 
activity varied from 10 to 45 minutes. It is not known whether per cent 
incorporation data would corroborate these findings. 

Our per cent incorporation figures for rat liver fatty acids indicate that 
this tissue incorporated label in a manner similar to that of the other tis- 
sues studied; 7.e., early attainment of the maximum and little change for 4 
hours. Because of the wide variations in tissue lipide activities demon- 
strated in our work, we are unable to agree that the limited specific activity 
data presented by Hevesy (3) for the rat liver indicate a rapid loss of fatty 
acid C* in the first hours of the experiment. 


SUMMARY 


The time course of lipide and CO, labeling following a single intraperi- 
toneal injection of a tracer amount of acetate-1-C™ has been described. 

In mice, maximum incorporation into fatty acids and cholesterol frac- 
tions occurred before 30 minutes. No progressive change was seen up to 
8 hours. 

Rats showed maximum incorporations in fatty acid and cholesterol frac- 
tions of either total body lipides or of lipides of skin, liver, gut, carcass, 
and brain plus spinal cord in less than 21 minutes. Significant changes 
from these maxima during the following 4 hours were not observed. 

No evidence was found for the presence of a rapidly metabolizing fatty 
acid fraction in rat liver or in the total rat or mouse. 


The authors are indebted to Mrs. E. Ranill for technical assistance in 
combustion and plating. 
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PROTEOLYTIC ENZYMES OF THE FORMED ELEMENTS OF 
HUMAN BLOOD 


I. ERYTHROCYTES* 


By WAYNE L. MORRISON ann HANS NEURATH 
(From the Department of Biochemistry, University of Washington, Seattle, Washinglon) 


(Received for publication, July 11, 1952) 


A review of the literature conveys the impression that proteolytic en- 
zymes capable of splitting protein substrates are largely associated with 
the plasma of mammalian blood, whereas enzymes acting on simple pep- 
tides are preponderantly associated with the formed elements. Thus, upon 
removal of inhibitory fractions from blood plasma, proteinases akin to tryp- 
sin and related to the process of blood coagulation have been recognized by 
several investigators (1, 2). Conversely, leucocytes and erythrocytes have 
been shown to have a high activity toward di-, tri-, and tetrapeptides of 
glycine, alanine, and leucine ((3) for a review of the literature see Stern 
et al. (4)). The question of the occurrence of protein-splitting enzymes in 
suspensions or extracts of platelets, erythrocytes, or leucocytes is an im- 
portant one in consideration of the stability and metabolism of these cells. 
As part of a program designed to characterize the enzymatic components 
of the formed elements of human blood, the proteinase activity of erythro- 
cytes has, therefore, been investigated. The results of this work are pre- 
sented in this communication, whereas, in a paper to follow, the proteinase 
activity of human leucocytes will be described. 


EXPERIMENTAL 
Materials 


Blood —Fresh human blood was obtained from the King County Blood 
Bank, Seattle.! The blood was collected in the usual acid citrate-dextrose 
medium and centrifuged at 700 * g in a refrigerated centrifuge for 20 
minutes. The plasma and the ‘‘buffy coat’? were removed by suction, and 
the packed erythrocytes washed three times by resuspension in cold 0.15 M 
NaCl. The washed cells were finally resuspended to the physiological 


* Part of a thesis submitted by Wayne L. Morrison to the Graduate School of the 
University of Washington in partial fulfilment of the requirements for the degree of 
Master of Science. This work has been supported by a grant from the United 
States Publie Health Service. 

! We ure indebted to Dr. Richard Czajkowski of the King County Blood Bank, 
Seattle, for supplying the blood used in these experiments. 
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concentration (0.4 volume of packed erythrocytes plus 0.6 volume of cold 
0.15 mM NaCl). 

Buffers—In the range of pH 6 to 9, 0.1 mM phosphate buffers were used. 
In the more acid pH range, Veronal-acetate buffers and glycine-HC1 buffers 
were used. The former were prepared according to Michaelis (5), and the 
latter by adjusting glycine solutions with 0.1 N HCl to the desired pH and 
a final concentration of 0.1 mM glycine. 


Methods 


Proteolytic Activity—The method of Anson (6) with urea-denatured 
human hemoglobin as substrate was employed in most cases; in some in- 
stances, a casein substrate was used as well. The enzymatic reaction mix- 
ture contained 5 cc. of substrate solution, 1 to 3 ce. of activator or in- 
hibitor, when used, | to 3 ec. of enzyme solution, and buffer of the desired 
pH to a final volume of 15 cc. Enzyme, buffer, and activator or inhibitor 
were incubated for 7 to 10 minutes in a Dubnoff constant temperature bath 
at 37° prior to the addition of the substrate. Blanks containing all mate- 
rials except the enzyme were run with each experiment. After incubation 
for various time intervals, 2 cc. aliquots were added to 5 cc. of 5 per cent 
trichloroacetic acid and allowed to stand for 1 hour at room temperature 
prior to centrifugation. The clear supernatant was analyzed for hydrolysis 
products according to the method of Folin and Ciocalteu (7) by measuring 
the optical density at 760 mu in a Beckman model B spectrophotometer. 
In cases in which reagents used in the enzymatic system interfered with the 
color normally produced by the Folin reagent, the optical density of the 
clear supernatant was determined directly at 280 my in a Beckman DU 
spectrophotometer. This latter method of analysis was also used under 
conditions of low proteolytic activity in order to maintain satisfactory 
accuracy. 

Nitrogen determinations were carried out by the micro-Kjeldah] method 
with selenium oxychloride as catalyst. 


Results 
Proteolytic Activity of Stroma Suspensions 


In the initial phase of this work, stroma suspensions were prepared by 
hemolysis of the erythrocytes by 20-fold dilution with water, followed, after 
16 hours standing in the cold, by centrifugation and repeated washings 
of the particulate fraction with 0.15 mM NaCl. Whereas the clear solutions 
were free of demonstrable proteolytic activity, aliquots of the stroma, when 
resuspended at pH 3 or 8, were appreciably active. Several conventional 
methods of hemolysis (8) were similarly tested for proteolytic activity of 
the resulting stroma, but, with the single exception noted below, none of 
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them proved to be more suitable than the others. These included hemoly- 
sis by dilution followed by acidification to pH 5.5 with hydrochloric acid or 
with carbon dioxide, and hemolysis by the addition of saponin instead of 
by simple dilution. 

The method of lysis, which produced the highest demonstrable proteo- 
lytic activity of the washed stroma and hence was used in all subsequent 
experiments, was that of freezing and thawing.2 The essential features of 
this method are the rupture of the erythrocytes by freezing and collection 
of the stroma after thawing, followed by repeated washings with cold saline. 


03, 
- HEMOGLOBIN SUBSTRATE 
8 x-CASEIN SUBSTRATE 
02 
° 


Fic. 1. pH dependence of proteolytic activity of crude stroma suspension. O 
hemoglobin substrate; X casein substrate. For details of the measurements, see 


the text. 


In a typical preparation, 200 cc. of a suspension of washed erythrocytes 
in 0.15 mM NaCl were quickly frozen in a methyl Cellosolve-dry ice mixture 
and thawed by immersion of the flask in lukewarm water. The process of 
freezing and thawing was repeated, and at no time was the temperature of 
the suspension allowed to rise above 5°. The suspension was then centri- 
fuged in the Spinco model L preparative ultracentrifuge at 36,000 X g for 
45 minutes in the cold. The clear hemolysate was carefully withdrawn, 
and the residual precipitate washed three times with 0.15 m NaCl and then 
resuspended in 0.15 m NaCl to a volume of 100 cc. This stock solution 
will be referred to as the ‘‘crude stroma suspension.” The suspension 
retains proteolytic activity for several weeks when kept under refrigeration. 

Fig. 1 shows the relation of the proteolytic activity of the crude stroma 
suspension to pH, with hemoglobin and casein as substrates, respectively. 


2 This procedure was suggested to us by Dr. Erie Ponder. 
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In these experiments, aliquots of the suspension were adjusted to the 
desired pH by the addition of 0.1 m HCl and NaOH, respectively, care 
being taken to use as nearly as possible the same amount of stroma in each 
aliquot. On the acid side of neutrality, maximum proteolytic activity at 
pH 3 is indicated by casein substrate, precipitation of hemoglobin below 
this pH preventing the exact definition of the maximum with the latter 
substrate. On the alkaline side of neutrality, a maximum at pH 8 is 
indicated by measurements with hemoglobin substrate, whereas the optical 
density readings of the casein digests were too low to be of significance in 
this range. 


Extraction 


Simple extraction of the crude stroma suspension with glycerol, potas- 
sium iodide, lithium, magnesium, or potassium chloride (all salts in final 
concentrations of 1 or 0.5 M), or with hydrochloric acid (to pH 5.5) failed 
to yield appreciable proteolytic activity when the clear supernatant solu- 
tion was tested at pH 3 or 8. Mechanical disintegration of the stroma with 
the aid of alumina (9) or in a Mickle vibrator*® likewise failed to yield 
detectable proteolytic activity in the clear aqueous phase. 

Extraction with Potassium Thiocyanate—Proteolytic enzymes of the crude 
stroma suspension could be obtained in soluble form by the addition of | 
part of the stroma suspension to 3 parts of a freshly prepared, cold solution 
of 1 mM potassium thiocyanate. The resulting suspension (pH 6.5) was 
allowed to stand overnight in the refrigerator and was then centrifuged at 
60,000 gin the cold for 1 hour. The faintly pink-colored supernatant 
solution, which appeared optically clear when placed in a beam of light in 
the dark room, was found to contain appreciable proteolytic activity. The 
results of activity measurements are shown in Fig. 2, in which the specific 
activity (A) is plotted against pH. The specific activity is arbitrarily 
defined as the optical density of the protein-free filtrate per mg. of “‘en- 
zyme’”’ nitrogen of the incubation mixture, observed after 40 minutes of 
proteolysis. Protein nitrogen in the presence of thiocyanate was deter- 
mined on the washed coagulum obtained by precipitation with trichloro- 
acetic acid. It is apparent from Fig. 2 that under the conditions chosen 
an enzyme was extracted which revealed optimum activity at about pli 
7.5. The enzymatic nature of the reaction was demonstrated by the direct 
proportionality of the extent of hydrolysis, after 40 minutes of incubation, 
to protein nitrogen concentration of the solution serving as enzyme source. 
This is indicated by the plot of Fig. 3. 

Dialysis of the extracted enzyme against cold distilled water in a rapid 


3 Kindly placed at our disposal by Dr. H. C. Douglas of the Department of Micro- 
biology. 
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dialyzer until complete removal of thiocyanate resulted in partial precipi- 
tation of the enzyme and loss of enzymatie activity. The latter was not 
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Fic. 2. pH dependence of activity of thiocyanate-extracted enzyme (0.13 mg. of 
protein per cc.) of crude stroma suspension. All measurements in the presence 


. of 0.26 m thiocyanate, with hemoglobin substrate. 40 minutes incubation at 37°. 


(A is the specific activity measured at 280 mug. 

Fic. 3. Linear dependence of rate of hemoglobin hydrolysis on protein nitrogen 
content of thiocyanate-extracted enzyme of crude stroma suspension. Measure- 
ments in 0.1 Mm phosphate buffer, pH 7.4, containing 0.26 M thiocyanate. 


TaBLeE 
Stability of Thiocyanate-Extracted Enzyme toward Dialysis 


Material tested | Concentration CNS~ (A )r60 

Dialyzed against water..................... 0.0 0 
KCNS added after dialysis against water.... 0.38 0.60 

sé sé sé 52 0.50 
Dialyzed against 0.15 mM NaCl............... | 0 0.52 
KCNS added after dialysis against 0.15 m | | 


(A) is the specific activity measured at 760 my (see the text). 


restored by the subsequent addition of KCNS to the initial concentration 
(0.75 m). Removal of thiocyanate by dialysis against 0.15 mM NaCl pro- 
duced a decrease in enzymatic activity which was only partly restored by 
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the addition of KCNS to the original concentration. The results are given ( 
in Table I. 

Effects of Activators and Inhibitors on Enzyme Extracted by Thiocyanate— 
Table IT illustrates the effects of common enzyme activators or inhibitors | 
on the proteolytic activity of the proteolytic enzyme at pH 7.4 rendered | 
soluble by thiocyanate. In these experiments, the thiocyanate concentra- | 
tion was reduced to 0.26 m by dialysis of the enzyme extract against cold | 
0.15 mM NaCl. Several enzyme preparations were used to obtain the results 


TABLE II 
Activation and Inactivation of Thiocyanate-Extracted Enzyme 


Measurements in 0.1 M phosphate buffer, pH 7.4, containing 0.26 m KCNS and 
0.118 mg. of protein N perce. Optical densities measured at 280 mu. 


Compound added | Concentration _ Relative activity* 
| 10-3 M 

Ascorbic acid....... | 6 253 269 
| 0.8 157 | 159 


* Relative activity expressed as per cent of that without added cofactor; dupli- 
cate experiments. 


given in Table II. The marked activation by reducing agents and the 
complete inactivation by mercuric ions are indicative of the presence of 
essential sulfhydryl groups. A further characteristic demonstrated by the 
results of Table II is the strong activation by zine and ferrous ions. 

The present proteolytic enzyme is unaffected by specific inhibitors of 
trypsin and chymotrypsin, 7.e. crystalline soy bean trypsin inhibitor (10) 
and 3-indolepropionic acid (11), respectively. The condition of the experi- 
ments in which these inhibitors were tested was analogous to those repre- 
sented by Table II, except that the inhibitors were present in a concentra- 
tion of 0.1 per cent. 

Extraction with n-Butanol—Morton (12) has recently described a method 
for the extraction of a variety of enzymes from animal tissue by means of 
n-butanol, which is believed to be effective by inducing separation of lip- 
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oprotein complexes into the constituent components. This method ap- 
peared, therefore, to be particularly suited for the present system. 

Application of Morton’s method involved the dropwise addition of n- 
butanol to an aliquot of the crude stroma suspension immersed in a water 
bath at 37°, until a final ratio of aleohol to stroma suspension of 2:5 was 
reached. In a typical experiment, 20 cc. of 95 per cent n-butanol were ad- 
ded with stirring to 50 cc. of crude stroma suspension during a period of 45 
minutes. Stirring was then continued for another 15 minutes and the sus- 
pension centrifuged at about 500 X g for 15 minutes at room temperature. 
Three layers resulted, which were separated by careful decanting of the 
upper alcohol layer from the packed disk of denatured protein and other 
insoluble material that formed between the alcohol layer and the aqueous 
phase. A pipette was then inserted along the side of the centrifuge tube, 
past the packed disk, into the aqueous layer which was carefully withdrawn. 
The collected aqueous layers from various extractions were combined and 
dialyzed in a continuous flow dialyzer overnight against cold distilled water 
until the extract gave a negative ceric nitrate test for alcohol (13). The 
dialyzed solution was then centrifuged at 60,000 * g for 15 minutes in the 
cold to remove any particulate matter that may have remained in suspen- 
sion. The water-clear supernatant solution contained about 0.02 per cent 
protein and exhibited proteolytic activity at pH 3 and 7.5. 

At this stage, other methods of lysis were investigated in order to estab- 
lish conditions for maximum yield of soluble enzyme. None was found to 
be superior to that of freezing and thawing, nor did direct extraction of a 
suspension of erythrocytes with n-butanol prove to be advantageous. 

Properties of Proteolytic Enzymes Rendered Soluble by n-Butanol—By use 
of the method of freezing and thawing for preparation of the crude stroma 
suspension and of n-butanol extraction, as described above, the enzymatic 
properties of the water-soluble proteinases were determined. The pH de- 
pendence of activity is shown in Fig. 4. In these determinations, 2 ec. of 
the dialyzed aqueous extract, containing 0.048 mg. of protein N per cc., 
were incubated at 37° for 40 minutes. Two pH maxima, at pH 3.2 and 
7.5, are evident from Fig. 4. As shown in Fig. 5, the velocity of hydrolysis, 
measured after 40 minutes of incubation, is proportional to protein nitrogen 
concentration, both at pH 3.2 and 7.4. 

The enzyme solutions lose their activity at pH 7.4 within about 2 to 3 
days at refrigeration temperature, but the activity at pH 3.2 is retained. 
Heating of the dialyzed extract for 3 minutes to 60° destroys about 80 per 
cent of the activity at pH 7.4 but the activity at pH 3.2 is fully retained. 
After heating for 3 minutes to 98° both activities are reduced to about 20 
per cent. 

Effects of Activators and Inhibitors—The effects of reducing agents and 
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ions on the activity of the proteinases at pH 7.4 and 3.2, respectively, are 
shown in Table III. 

At pH 7.4, the proteolytic enzyme rendered soluble by extraction with 
n-butanol differs markedly from the enzyme rendered soluble with thio- 
cyanate in that it fails to be activated by reducing agents or to be inacti- 
vated by mercuric ions. In both cases, however, zine and ferrous ions 
produced marked activation. In order to ascertain whether the differences 
noted between these two enzymes were related to the presence of thiocy- 
anate, n-butanol-extracted, aqueous enzyme preparations were adjusted 


38 1.2 
+ 
LO I 
6 
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S 
ly 
N 4 > 6: 
‘ 
2 
°-pH 32 GLYCINE HC! 
x-pH 74 PHOSPHATE 
BUFFER | 
pH MGM. TOTAL NITROGEN : 
Fic. 4 Fic. 5 


Fic. 4. pH dependence of activity of n-butanol-extracted proteolytic enzyme of , 
crude stroma suspension. Glycine buffer (0.1 Mm) below pH 5 and phosphate buffer . 
(0.1 Mm) above pH 5.5. 7 

Fic. 5. Linear dependence of rate of hemoglobin hydrolysis on protein nitrogen | 
content of n-butanol-extracted enzyme of crude stroma suspension. 40 minutes 
incubation at 37°. 


to 0.26 M potassium thiocyanate and subjected to activity measurements : 
in the presence of 0.6 mm of ascorbic acid and 0.8 mm of cysteine hydro- | 
chloride, respectively. The failure to observe any activation strengthens : 
the supposition that different enzymes are extracted by n-butanol and thio- . 
cyanate, respectively. | 

The specific inhibitors of trypsin and chymotrypsin, 1.e. soy bean trypsin 
inhibitor (0.05 per cent) and 3-indolepropionic acid (2.6 mm), had no | 
significant effect on the proteolytic activity of the n-butanol-extracted | 
material at pH 7.4, when tested under the conditions described in Table |” 
III. The n-butanol-extracted proteolytic enzyme differs at pH 3.2 from 
that at pH 7.4 in that it fails to be activated by zine or ferrous ions. 


| | 
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Activation by Zinc and Ferrous Ions—The activating effect of zine and 
ferrous ions on the n-butanol-extracted enzyme at pH 7.4 can be largely 
reversed by the addition of disodium ethylenediamine tetraacetate! (Se- 
questrene). This chelating reagent appears to have no effect of its own 
on the enzyme, whereas, in the presence of 0.001 Mm Zn** or 0.001 mM Fe**, 
0.002 m Sequestrene causes a marked reduction in proteolytic activity, 
presumably due to competitive binding. These results are given in Table 
IV. Metal activation can also be largely reversed by dialysis against 


TaB_e III 
Effects of Activators and Inhibitors on Activity of n-Butanol-Extracted Proteinases 
at pH 7.4 and 3.2 
Measurements at pH 7.4 in 0.1 M phosphate buffer and at pH 3.2 in 0.1 m glycine 
buffer. The enzyme solutions contained 0.09 mg. of protein N per ec. 


| Relative activity* 
Compound added Concentration on 


pH 7.4 pH 3.2 
1073 | 

| 0.6 | 134 | 


* Relative activity expressed as per cent of that without added cofactor. 


running distilled water in the cold (Table IV). When to the activated 
enzyme Sequestrene was added and the solution then dialyzed in the cold 
for several hours to remove a large part of the complex-forming agent, the 
enzyme could be fully reactivated by the subsequent addition of the metal 
ions (Fet++ or Znt*). 

Tests for Enzymatic Activities of Known Specificities—The n-butanol- 
extracted proteolytic enzyme was tested at pH 7.4 for activities toward 
specific substrates for certain proteinases and peptidases (14). (a) The 
enzyme was inactive toward synthetic substrates for trypsin, 7.e. benzoy]- 


4 Obtained from the Alrose Chemical Company, Providence, Rhode Island, under 
the name Sequestrene. 
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L-arginine ethyl ester and benzoyl-L-argininamide. (b) The enzyme was 
likewise inactive toward the chymotrypsin substrates, acetyl-L-tyrosine 
ester and acetyl-L-tyrosinamide. (c) Negative results were also obtained 
toward the carboxypeptidase substrate, carbobenzoxyglycyl-L-phenylala- 
nine. (d) In view of previous reports on the enzymatic hydrolysis of 
triglycine and t-leucylglycylglycine by erythrocytes (3, 4), both of these 
tripeptides were carefully tested in a system containing 0.045 mg. of pro- 


TaBLe IV 
Reversal of Metal Activation of Proteinase at pH 7.4 by Sequestrene (SEQ) and by 
Dialysis 
All enzymatic measurements in 0.1 mM phosphate buffer, pH 7.4; 40 minutes incu- 
bation with hemoglobin substrate at 37°. The variations in specific activities, 
(A )oso, recorded for comparable test solutions are due to different enzyme prepara- 
tions used in these experiments. 


Material tested (A )280 


— 


—" 
Wom & © W 
— OO © 


Same + 0.002 m SEQ and dialyzed...................... 13.5 
Enzyme + 0.002 m SEQ + 0.001 m Fe*+ and dialyzed... . 24.4 

Same + 0.002 m SEQ and dialyzed...................... | 10.6 
Enzyme + 0.002 m SEQ + 0.001 m Zn*+ and dialyzed... . 20.0 


tein nitrogen in 0.04 m phosphate buffer at pH 7.3 and 0.02 m substrate.’ 
When the alcohol titration method of Grassmann and Heyde, as described 
by Putnam and Neurath (15), was employed, no measurable hydrolysis was 
observed with or without added Zn**, Fe**, or Co**. 


Comparison of Activities to Trypsin and Pepsin 


The relatively low protein concentration prevailing in relatively active 
solutions of the proteolytic enzyme extracted either with potassium thio- 


5 We are indebted to Dr. Frank L. Engel, Duke University School of Medicine, for 
authentic samples of triglycine and L-leucylglycylglycine. 
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cyanate or with n-butanol warranted a comparison of the specific activities 
of these preparations with those of trypsin and pepsin. In these experi- 
ments, the initial hydrolysis rate of trypsin (at pH 7.4) and of pepsin (at 
pH 2.0) was determined as a function of enzyme concentration, and com- 
pared to the specific activity (initial hydrolysis rate per mg. of protein 
nitrogen) of the proteolytic enzymes from erythrocyte stroma. The results 
are presented in Table V, from which it is apparent that at pH 7.4 the 
n-butanol-extracted enzyme is about one-tenth as active toward hemo- 
globin as trypsin, and the thiocyanate-extracted enzyme about one-hun- 
dredth as active. While at pH 3.2 the specific activity of the n-butanol- 
extracted enzyme is also one to two orders of magnitude lower than that of 
pepsin at pH 2, these activities are, none the less, of significant magnitude 
if it is considered that these enzymes have not been subjected to isolation 
procedures other than fractional extraction. 


TABLE V 
Comparison of Specific Activities of Erythrocyte Proteinases with Trypsin and Pepsin 
Enzyme Method of extraction pH k 

Trypsin* 7.4 5.8 
Erythrocyte proteinase n-Butanol 7.4 0.56 

KCNS 7.4 0.06 
Pepsinf 2.0 9.85 
Erythrocyte proteinase n-Butanol 3.2 0.64 


k denotes the initial hydrolysis rate per mg. of protein N. 
* Twice crystallized trypsin, prepared by Dr. Frank Tietze. 
t Armour Laboratories, 1:24,000 pepsin, lot No. 14465. 


DISCUSSION 


The results of the present work indicate that in addition to a high 
peptidase activity, previously reported (3, 4), erythrocytes of normal hu- 
man blood also contain proteolytic activity toward protein substrates. 
This latter activity is a constituent of the hemoglobin-free stroma. 

On the basis of the pH-activity relation of the crude stroma suspension, 
two enzymes can be discerned, one of these being maximally active at pH 
3 and the other one at pH 8. However, if, in addition, the response of 
the soluble proteolytic enzymes to various cofactors is taken into account, 
three proteolytic entities can be recognized for which the generic name of 
erythrocyte proteinases is proposed. Erythrocyte proteinase I is obtained by 
extraction of the crude stroma suspension with potassium thiocyanate. It 
has a maximum activity at pH 7.4 and is activated by reducing agents, 
such as ascorbic acid and sulfhydryl compounds. It is completely inhibited 
by mercuric ions. These properties suggest the presence of essential sulf- 
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hydryl groups and it is of interest that other intracellular proteinases 
(cathepsins) have these characteristics also (16-18). The mechanism of 
activation has been considered by many authors (17, 19) and it has been 
suggested that a reversible equilibrium between disulfide and sulfhydry| 
groups 1s involved. In addition to activation by reducing agents, erythro- 
cyte proteinase I also shows strong activation by ferrous and zinc ions. It 
is worthy of note that this latter characteristic is shared by a proteolytic 
enzyme recently found in striated muscle tissue (20). 

Two enzymes are obtained in solution by extraction of the crude stroma 
suspension with n-butanol, presumably by cleavage of a_ lipide-protein 
complex. One of these enzymes, erythrocyte proteinase IJ, has the same 
pH maximum as enzyme I at pH 7.4, but it differs by being insensitive to 
reducing agents and to mercuric ions. However, like erythrocyte pro- 
teinase I, enzyme II is strongly activated by ferrous and zine ions. The 
other of the n-butanol-extracted enzymes, erythrocyte proteinase III, shows 
a pH maximum at pH 3.2 and fails to be activated by reducing agents or 
metal ions. The lack of activation by zinc or ferrous ions may be tenta- 
tively correlated with the general lack of binding of heavy metals by pro- 
teins in pH regions in which they carry a strongly positive charge. 

It is of interest that erythrocyte proteinase II fails to show activity 
toward any of the synthetic substrates which have been tested. The latter 
include those for trypsin, chymotrypsin, and for triglycine and leucylgly- 
cylglycine tripeptidase. In this respect, this enzyme compares with the 
proteolytic enzymes from muscle (20) and from the anterior pituitary gland 
(21), which have been recently described. 

It is premature at the present time to speculate on the role of these 
erythrocyte proteinases in red cell production, maturation, and destruction. 
Further purification and characterization of these enzymes as proteins have 
to precede an elucidation of their metabolic role. 


SUMMARY 


The presence of protein-splitting enzymes in crude stroma suspensions 
of lyzed human erythrocytes has been established. Three such enzymes 
have been obtained in soluble form by extraction with potassium thiocy- 
anate and n-butanol, respectively. Erythrocyte proteinase I, extracted with 
potassium thiocyanate, has maximum activity at pH 7.4 and is activated 
by reducing agents, as well as by zine and ferrous ions. Erythrocyte pro- 
teinase IJ, extracted by n-butanol, is also maximally active at pH 7.4 and 
activated by zinc and ferrous ions but not by reducing agents. Erythrocyte 
proteinase III, also extracted by n-butanol, has maximum activity at pH 
3.2 and fails to be activated by reducing agents or metal ions. The specific 


activities of the present enzymes have been compared with those of trypsin - 


and pepsin. 
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THE ISOLATION OF GLOBULINS FROM CELLULAR NUCLEI* 


By WILLIAM R. KIRKHAMf anno LLOYD E. THOMAS 


(From the Department of Biochemistry, University of Missouri, Columbia, Missouri) 


(Received for publication, July 11, 1952) 


Behrens in 1932 (1) developed a method for isolating cellular nuclei. 
Lyophilized tissue was finely ground and the nuclei were isolated from other 
cellular débris by repeated centrifugation in organic solvents of suitable 
densities. The greater density of the nuclei makes this procedure possible. 
The method has been employed by various workers (2-5). Dounce et al. 
(4) reported that approximately one-half of the mass of these nuclei was 
removed by extraction with water adjusted to pH 6.0 with very dilute 
citric acid. 0.9 per cent sodium chloride solution also extracted much 
material from the nucleus, indicating that proteins other than nucleohistone 
and lipoprotein are present in appreciable quantities in nuclei. Nucleo- 
protein and lipoprotein (6) are predominantly present in nuclei isolated in 
aqueous media. Results of other investigations (7, 8) suggest that rela- 
tively large quantities of protein may be lost from nuclei isolated in aqueous 
media. 

The present paper reports an investigation of the nature of the proteins 
soluble in dilute salt solutions, proteins which are extractable from nuclei 
prepared by the Behrens method. 


EXPERIMENTAL 


Isolation of Nuclei—Nuclei of calf thymus and calf liver! were isolated 
by a modification of the procedure of Behrens. The procedure employed 
was somewhat variable with each preparation, and is not presented in 
detail since it is quite similar to that of Dounce and coworkers (4) and 
that more recently presented in detail by Allfrey et al. (5). The tissues 
were lyophilized and finely ground with petroleum ether in a ball mill. 
The separation of nuclei from other tissue components was carried out by 


* This work was supported in part by a research grant (No. C-1327) from the Na- 
tional Cancer Institute, the National Health Institutes, United States Public Health 
Service. Presented at a meeting of the Federation of American Societies for Experi- 
mental Biology at New York, April, 1952. 

t Predoctoral Fellow of the Atomic Energy Commission. This paper is a portion 
of a thesis presented to the Graduate Faculty of the University of Missouri in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. 

1 The calf thymus and calf liver were generously supplied by the Research Division 
of Armour and Company. Soon after the animals were killed, they were frozen and 
packed in solid carbon dioxide. 
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repeated centrifugation in a medium of benzene-carbon tetrachloride at 
various specific gravities. Control samples of nuclei were isolated at 4°, 
Other samples were prepared at room temperature. Satisfactory separa- 
tion of nuclei (both thymus and liver) from tissue débris was obtained at a 
specific gravity of 1.350. Flotation of the nuclei was effected at a specific 
gravity of 1.395. Extreme care was taken in the isolation to insure pure 
preparations of nuclei. Purity of nuclear preparations was judged by the 
absence of cytoplasm when the nuclei were stained with one or more of the 
following: hematoxylin-eosin, methyl green, crystal violet, or acetocarmine. 
In cases in which purity was doubtful, the nuclear preparations were re- 
ground and the isolation procedure repeated. 

Extraction of Proteins—All protein extraction and purification were car- 
ried out at 1-4°. Samples of 2 to 8 gm. of isolated nuclei were extracted 


TaBLe 
Amount of Nuclear Substance Extractable with 0.14 mu NaCl 


| gm. | gm. 

| 10.858 | 6.220 | 42.7 


by stirring for a period of 12 to 18 hours with 100 ml. of 0.14 m sodium 
chloride per gm. of nuclei. After the 12 to 18 hour stirring period, the 
extraction mixture containing clumped nuclei was homogenized in an 
Elvehjem-Potter homogenizer, stirred an additional 6 to 8 hours, and cen- 
trifuged. The residue was lyophilized. The supernatant was examined 
for protein constituents. 

Determination of Amount of Substances Extracteda—Weighted samples of 
nuclei were carefully extracted as described. The lyophilized residue from 
each sample was weighed and the amount of material extracted was calcu- 
lated by difference. The results of these determinations are shown in 
Table I. 

Purification of Globulin—The supernatant, representing the substances 
soluble in 0.14 mM sodium chloride, was concentrated by being placed 
in a dialysis bag before a fan in a tight box containing Drierite. It 
was concentrated to about one-sixth of its original volume. The concen- 
trated crude extract was dialyzed against distilled water until salt-free. 
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Some precipitation was observed, but greater precipitation occurred when 
the dialysis system was adjusted to pH 5.0 to 5.3 with a few drops of 
hydrochloric acid. The protein precipitated in this manner was taken into 


DESCENDING ASCENDING 
Fic. 1. Electrophoretic pattern of crude 0.14 mM sodium chloride extract of thymus 
nuclei; pH 8.55 at 17,700 seconds, potential gradient, 4.4 volts per em. 


DESCENDING ASCENDING 


— 


Fig. 2. Electrophoretic pattern of thymus globulin; pH 3.33 at 5400 seconds, poten- 
tial gradient, 3.0 volts per cm. 


10. 
Oo—o THYMUS 
@—e LIVER 


pH 


Fic. 3. Thymus and liver globulins; mobility plotted as a function of pH 


solution in 50 to 60 ml. of 0.14 mM sodium chloride solution adjusted to pH 
8.5 with a Veronal buffer, centrifuged, and dialyzed against distilled water 
adjusted to pH 5.0 to 5.3. The protein was purified by repeating this 
procedure several times. Negative Molisch tests and absorption data in- 
dicated the absence of carbohydrates or nucleic acids in the purified globu- 
lin. The major portion of protein present in the crude extract was pre- 
cipitable by half saturation with ammonium sulfate. 
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Electrophoresis of Protein Solutions—The 0.14 m sodium chloride extracts 
of both liver and thymus nuclei were analyzed in a Klett electrophoresis 
apparatus with buffer systems at an ionic strength of 0.1 as suggested by 
Miller and Golder (9). Fig. 1 shows the patterns of the thymus extract. 
The extract from liver gave essentially the same pattern, showing the 
presence of one major component. (This component was greatly dimin- 
ished after precipitation of the globulin by dialysis against distilled water 
adjusted to pH 5.0 to 5.3.) The purified globulin migrated as a single 
component at all pH values. Fig. 2 shows a pattern of the globulin of 
thymus nuclei. Fig. 3 shows the mobilities of the globulins from thymus 
and liver nuclei at various pH values. 


DISCUSSION 


In the study of constituents of cell nuclei prepared by the Behrens 
procedure, the criteria of purity of the nuclear preparations are paramount. 
It was found that, after grinding dried tissue in a ball mill for a short time, 
nuclei with adhering cytoplasmic tabs were obtained. The cytoplasm was 
detectable by smear staining with the stains described. After longer pe- 
riods of grinding, the distinguishable cytoplasmic material was very slight. 
The fact that about 26.5 per cent of the thymus nucleus and about 42 per 
cent of the liver nucleus are extractable with 0.14 m sodium chloride is 
evidence in itself that the material does not all come from extranuclear 
contamination, but must indeed come from within the nucleus. 

Nuclei were extracted with 0.14 m sodium chloride to avoid the viscous 
solutions resulting from solution of the nucleohistone. The nucleohistone 
is soluble at higher or lower salt concentrations. The pH of the extraction 
mixture ranged from 6.0 to 6.5. Lipoprotein which is soluble at higher 
pH values was therefore not taken into solution. The nucleohistone and 
lipoprotein can be prepared from the residue of the 0.14 mM sodium chloride 
extraction. 

The 0.14 m sodium chloride extract shows a predominance of one electro- 
phoretic component. It was found to represent a major part of the non- 
dialyzable material of the crude extract of thymus and liver nuclei. The 
insolubility of the major portion of the material of the crude extract in 
half saturated ammonium sulfate solution and the insolubility of the main 
component of the crude extract near its isoelectric point strongly suggests 
that it is a euglobulin. 

The purified globulins of thymus and liver nuclei each moved as a single 
component during electrophoresis. The fact that the two mobility curves 
do not coincide suggests that these two proteins (from thymus and liver) 
differ somewhat. ‘Two-dimensional paper chromatograms of the hydroly- 
sates indicated that the two globulins are similar in amino acid composition. 
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SUMMARY 


An appreciable quantity of proteins was extracted with 0.14 m sodium 


chloride solution from calf thymus and calf liver nuclei. A major compo- 
nent of the extractable proteins was isolated and shown to have the charac- 
teristics of a globulin. 


Wh 
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AMINOPURINE INTERCONVERSION IN TETRAHYMENA 
GELEII: ROLE OF 8-AZAGUANINE AND 
HYPOXANTHINE 


By MARTIN FLAVIN* anp MORRIS ENGELMAN 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York, and the Biochemistry Division, Chemical Corps 
Medical Laboratories, Army Chemical Center, Maryland) 


(Received for publication, April 25, 1952) 


It has been shown that, in the absence of purines other than guanine, 
Tetrahymena geleit H utilizes guanine for the biosynthesis of nucleic acid 
guanine and adenine (1), and that, in the presence of adenine and subop- 
timal guanine, nucleic acid adenine is derived from the adenine (2). The 
source of nucleic acid adenine when both purines are available in optimal 
amounts is reported in the present communication. 

After establishing a base-line of purine utilization under several normal 
conditions, an investigation was undertaken of two additional problems, 
the mechanism of growth inhibition by purine analogues and the nature of 
intermediates in the conversion of guanine to adenine. Inhibition by 8- 
azaguanine, reported by Kidder and Dewey to be competitively released 
by guanine (3), has now been found to be readily released by adenine and 
hypoxanthine as well, in fact more effectively than by an equal increment 
of guanine, at low inhibitor concentrations (Figs. 1 and 2). An experiment 
was therefore undertaken to determine whether growth inhibition by 8- 
azaguanine involved a block in the conversion of guanine to nucleic acid 
adenine. 

Since Kidder and Dewey have shown that hypoxanthine spares, but does 
not replace, the nutritional requirement for guanine of Tetrahymena (4), 
the investigation of intermediates in aminopurine interconversion Was ini- 
tiated by determining the utilization of this purine for nucleic acid biosyn- 
thesis. In addition, the use of ion exchange for purine isolation has per- 
mitted an estimation of the bound purine and nucleic acid content of the 
ciliates. 


EXPERIMENTAL 


Hypoxanthine-8-C'*—A 10-fold excess of prepared at —5° from 
Ba(NO2)2 and H.SO,4, was added to 29 mg. of adenine-8-C' (5). Deami- 
* Postdoctoral Research Fellow of the National Cancer Institute, United States 


Public Health Service, 1949-51. Present address, Section on Cellular Physiology, 
National Heart Institute, Bethesda, Maryland. 
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nation, determined by simultaneous equations based on the acid extinction 
coefficients at 245 and 265 my, was 98 per cent complete. The solution 
was eluted from a 22 X 2.5 cm. coarse mesh Permutit Q column with 2 vy, 
then 4 xn HCl, which results in a wide separation of hypoxanthine and 
adenine. 100 mg. of carrier were added to fractions which constituted the 
central portion of the hypoxanthine peak, containing 22 mg., and, after 
removal of HCl in vacuo, recrystallization from water yielded 97 mg. 

Other purines, apart from the guanine-8-C™ (5), and the 8-azaguanine 
(6), were commercial samples. 

Microbiological—Growth was measured by counting the organisms from 
full grown cultures in duplicate 125 ml. Erlenmeyer flasks containing 30 
ml. of the medium of Kidder and Dewey (7),! after incubation at 25° in the 
dark for 10 days. 

In the first two isotope experiments, 7'etrahymena was grown with suff- 
cient guanine-8-C to supply all of the nucleic acid purines and sufficient 
adenine to supply all of the nucleic acid adenine, with (Table III) and 
without (Table II) the addition of a low inhibitory level of 8-azaguanine. 

In the third isotope experiment (Table IV), 4250 ml. of culture medium 
were used, containing enough guanine to supply the nucleic acid guanine, 
and enough adenine and hypoxanthine-8-C™ to permit either alone to sup- 
ply all of the nucleic acid purines. After 15 days growth, 5.6 & 10° organ- 
isms” were harvested. 

Isolation of Nucleic Acid Purines—In the experiments with guanine-8-C, 
the isolation of nucleic acid purines by CuzO precipitation and counter-cur- 
rent distribution and the C™ determinations were as previously described 
(1), but, in the hypoxanthine-8-C™ experiment, since the counter-current 
system does not separate guanine from hypoxanthine (8), which might be 
present owing to adsorption on the organisms, the cuprous purines were 
dissolved in trichloroacetic acid and placed on a Dowex 50 column (9). 
After the trichloroacetic acid had passed through (Fig. 3), no further ultra- 
violet light-absorbing material was eluted with 0.1 N HCl, a reagent which 
had been shown in preliminary experiments to elute nucleotides. 2 N HC! 
elutes the intensely absorbing cupric chloride with the solvent front. This 
fraction is overlapped or immediately followed by hypoxanthine, traces of 
which may be present in the very small peaks following. 14 mg. of the 
appropriate carrier were added to each of the central fractions of the gua- 
nine and adenine peaks, which follow in order, and, after removal of HC! 


! The Protogen was obtained from Dr. E. L. R. Stokstad. 

? The culture used in this experiment was obtained from Dr. R. P. Hall, of New 
York University, from whose stocks the cultures used in previous experiments (1, 2) 
had been obtained 2 vears earlier. The guanine requirement appears to be slightly 
higher in this subculture (1). 
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in vacuo and treatment with charcoal, the purines were recrystallized as the 
free base and sulfate, respectively. Characterization of purines and deter- 
mination of radioactivity were carried out as previously described (1). 
Other fractions were assayed for radioactivity by removing HCl in vacuo 
and transferring the material to glass planchets for counting. 


Results 


The effect of 8-azaguanine on growth, in the presence of suboptimal and 
barely optimal quantities of guanine, is shown in Fig. 1 to be a reduction 
by about one-half at 0.1 y per ml. with no further inhibition until a level 
of 30 to 100 y per ml. is reached. The failure of any amount of 8-azagua- 
nine to inhibit growth with larger amounts of guanine is illustrated here 
by the curve for 1 per cent proteose peptone medium. Throughout the 
zone of partial inhibition the organisms are rounded and reduced in size. 
Since guanine is nutritionally essential and xanthine is inert (3), it appears 
unlikely that 8-azaguanine is inactivated as in the mammal by a guanine 
deaminase (10). The release of 8-azaguanine inhibition by adenine and 
hypoxanthine (Table I, Fig. 2) contrasts with the release of 8-azaadenine 
inhibition by the analogous purine only (11). 

From Table II, it can be seen that, when Tetrahymena was grown with 
guanine-8-C and adenine, the nucleic acid guanine was 74 and the adenine 
30 per cent as active as the administered guanine (the low recovery of total 
C4 was due to accidental loss). The nucleic acid adenine was therefore 
derived to about an equal extent from adenine and guanine. 

To determine whether 8-azaguanine blocked the conversion of guanine 
to polynucleotide adenine (in which case persistent suboptimal growth with 
8-azaguanine might be explainable by utilization of alternative precursors), 
this experiment was repeated with the addition of 8-azaguanine (Table III). 
The specific activities of nucleic acid guanine and adenine were 77 and 28 
per cent, respectively, of that of the administered guanine, showing that 
8-azaguanine had not altered the relative extent to which polynucleotide 
adenine was derived from the two precursors. The synthesis of non-nucleic 
acid, nucleotide adenine, however, might still be affected by 8-azaguanine. 
It is also possible that the abnormal growth produced by very low concen- 
trations of 8-azaguanine is brought about by this compound after incor- 
poration in traces as a constituent of nucleotides or nucleic acids (12, 13), 
as suggested by Kidder and Dewey (3). 

The discrepancy between the specific activities of the nucleic acid gua- 
nine and the administered guanine-8-C" in these experiments may be due 
to errors (1) or to the existence of precursors other than guanine for some 
fraction of the bound guanine (alternative precursors for desoxyribose nu- 
cleic acid cannot be ruled out, since the latter represents only 10 per cent 
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of the total nucleic acid (Table V)). 


If such precursors exist, their utiliza- 
tion was not favored by the presence of 8-azaguanine. 


The report of ex- 
change reactions of the ureide carbons without de novo purine synthesis, 


ORGANISMS 
PER CUBIC MM s 
~ 
250 ~ 
200 
150 4 
x 
100 
50 7 


ae 20 390 40 5.0 
LOG (Cx10°) 6- AZAGUANINE 
Fig. 1. Inhibition of growth of T. geleii by 8-azaguanine. §§, 1 per cent proteose 
peptone medium; @, guanine 5 y per ml.; A, guanine 6 y per ml.; X, guanine 1.5 
per ml. 


TABLE I 
Release of 8-Azaguanine Inhibition of Growth of T. geleii 
Guanine | §-Azaguanine | Other purine added per 
per mil. per mi. | per mil. 
5 | : | 270 
5 : 0.3 | | 130 
| _ Adenine 10 0 
5 | 0.3 | " | 10 260 
| Hypoxanthine 10 0 
5 | 0.3 | - 10 260 
| | Xanthine | 10 0 
5 | 0.3 | ‘ | 10 120 
| Uric acid | 10 0 
5 | 0.3 sé sé 10 130 
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ORGANISMS 
PER CUBIC MM 


7 
a 


250 4 
5 
225 | 
200 x -GUANINE 8- AZAGUANINE 0.3 >/ML, 
HYPOXANTHINE 
® - GUANINE 5 4/ML., 8- AZAGUANINE 0.35/ML., 
ADENINE 
© - GUANINE 5 >/ML., 8- AZAGUANINE 0.1 >/ML., 
HYPOXANTHINE 
GUANINE 57%/ML., 8- AZAGUANINE 0.) >/ML 
ADENINE 
/ML OF ADENINE OR HYPOXANTHINE 
Dif- 


Fic. 2. Release of 8-azaguanine inhibition by adenine and hypoxanthine. 
ferences in the level of maximal growth attained in the different experiments are not 


significant. 
Taste II 
Fractions Isolated from T. geleii Grown in 4250 MI. of Medium Containing 5.0 y Per 
M1. of Guanine-8-C'* and 3.0 y per Ml. of Adenine 
Amount “mount of ecific activity ad ed Ci 
carbon 
me meg. c.p.m.* 
Guanine administered.............. 21.2 8.4 2910 100 
Fraction isolated | | 
Washed, dried organisms........... 967 506 25 51 
Nucleic acid guanine. .............. 1.35 0.54 2100 5 
0.80 0.36 860 1.3 


* Per standard planchet (3.5 sq. em.) of infinitely thick BaCOs;. 


in organisms which can synthesize purines from simpler precursors,’ sug- 
gests a third explanation for this discrepancy. However, the nutritional 


* Paper read by Dr. J. M. Buchanan before a symposium at the Thirty-sixth an- 
nual meeting of the Federation of American Societies for Experimental Biology, 


New York, April 14-18, 1952. 
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inertness for Tetrahymena of 2 ,4-diamino-5-formylamino-6-hydroxypyrim- 
idine (11) and of 4-formamidino-5-imidazolecarboxamide (14), compounds 
which might be expected to resemble intermediates in the exchange reac- 
tions, does not support this explanation. 

In Table IV and Fig. 3 are shown the results of the experiment with 
hypoxanthine-8-C™. The specific activity of the nucleic acid adenine is 
43 per cent of that of the administered hypoxanthine (Table I), a purine 
which has not previously been found to be utilized for nucleic acid synthe- 
sis (15, 16), with the exception of a recent report of utilization in vitro in a 
mammalian tissue (17). When 1.5 y per ml. of guanine and 4.5 of adenine- 
8-C™ were administered (2), the nucleic acid adenine was 84 per cent as 
active as the administered adenine. It therefore appears that in the pres- 


Taste IIT 
Fractions Isolated from T. geleti Grown in 3000 M1. of Medium Containing 5.0 y Per 
M1. of Guanine-8-C', 3.0 y Per Ml. of Adenine, and 0.10 y Per Ml. 
of 8-Azaguanine 


Amount Specific activity administered 
me. me. c.p.m.* 
Guanine administered................ 15.0 6.0 2910 100 
Fraction isolated 
Washed, dried 283 7 43 
Nucleic acid guanine............... 2.18 0.87 2300 — 11 


* Per standard planchet (3.5 sq. em.) of infinitely thick BaCOs;. 


ent case nucleic acid adenine has been derived to an equal extent from 
adenine and hypoxanthine. The result does not indicate whether hypo- 
xanthine, in free or conjugated form, is an intermediate in the conversion 
of guanine to adenine, or is aminated in a side pathway. In the former 
case, the first step would be irreversible, since hypoxanthine is not con- 
verted to nucleic acid guanine (Table IV). 

Hypoxanthine would appear a more plausible intermediate in amino- 
purine interconversions if it were possible also to place xanthine in the 
reaction sequence, since one could then postulate the conversion of guanine 
to xanthine to hypoxanthine to adenine, by reactions similar to the ones 
known to occur biologically (18, 19). Xanthine has been found nutrition- 
ally inert in Tetrahymena (4). If, however, as seems probable, the amino- 
purine interconversion occurs in conjugated form, the inertness of xanthine 
might be due only to an inability of the organisms to form its nucleoside 
rapidly (20). This hypothesis would also suggest an explanation for the 
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Fractions Isolated from T. geleii Grown in Medium Containing Guanine 1.5 y Per ML., 
Adenine 4.45 y Per Ml., and Hypoxanthine-8-C™ 4.5 y Per ML. 


Per cent | : Per cent of 
Am fi 
Amount ‘of | activity Cc 
| me. | c.p.m.* 
Administered hypoxanthine-8-C™. 19.1 | 8.43 4190 100 
Fraction isolated | | | | 
Washed, dried organisms....... 100 | 10 9.5 
Acid-extracted residue... 212 | | 0 0 
Nucleic acid guanine........... 3.24, 0.45; 1.29 | 0 0 ‘ 
ee 3.54 0.49 1.57 1810 8.2 
* Per standard planchet (3.5 sq. em.) of infinitely thick BaCOsy. 
OPTICAL COUNTS 
DENSITY PER MINUTE 
3.0-, START START | +700 
Jou NHCI 2 WHC! 
4600 
25+ | | 
84 
it 300 
204 > 
4400 
| +300 
4200 
100 
| 
100 300 500 


VOLUME ELUTING SOLUTION, IN mi. 


Fig. 3. Ion exchange separation of nucleic acid purines from 7’. geleii, grown in 
the presence of guanine 1.5 y per ml., adenine 4.5 y per ml., and hypoxanthine-8-C"™ 


4.5 y per ml. 
zontal lines, the amount of C" in various fractions. 
correspond to trichloroacetic acid, Cu**, guanine, and adenine. 
50, 250 to 500 mesh, H* form, 17.5 & 0.8 sq. em. 
HCl. 0.8 ml. per minute. 


The points represent optical density at 265 my, and the heavy hori- 
From left to right, the peaks 
Exchanger, Dowex 
Eluting solution, 0.1 N and 2.N 
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nutritional effectiveness of 1l-methylxanthine (3). Methylation might 
block a rapid catabolic reaction (21), allowing a slower formation of nucleo- 
side to take place, followed by amination and demethylation (3). It there- 
fore seemed pertinent to test the nutritional effectiveness of xanthine ribo- 
side. A sample of this compound (Nutritional Biochemicals Corporation), 
characterized spectroscopically (22), was found neither to replace nor spare 
the nutritional requirement for guanine.‘ 

Other potential intermediates now under investigation are 2 ,6-diami- 
nopurine and isoguanine, and 4-formamidino-5-imidazolecarboxamide. It 
has been suggested that open chain compounds of the latter type (14) may 
merit investigation as possible intermediates, not only in purine synthesis 
de novo, but in the interconversion of preformed aminopurines. We have 
found that 4-formamidino-5-imidazolecarboxamide, however, provided cy- 
clization by autoclaving is avoided, is nutritionally inert in Tetrahymena. 

Ion exchange separation avoids loss of purines by adsorption on CuS (1). 
Traces of C™ can be seen to be present in the hypoxanthine fractions (Fig. 
3, 300 to 350 ml.), the small amounts showing that only negligible amounts 
of adsorbed purines remain after extraction of the cells with cold trichloro- 
acetic acid (1). In view of these traces, and of losses in washing cuprous 
purines in the centrifuge, the recovery of 86 per cent of the isotope in the 
organisms as nucleic acid adenine (Table IV) indicates the absence of other 
labeled compounds and a high degree of recovery of purines. One can 
therefore determine the ratio of bound purines in Tetrahymena (Table IV), 
and, assuming approximately 1:1 ratio of purines and pyrimidines (23), 
can calculate the nucleic acid content. The value obtained agrees well 
with that from color tests for ribose and desoxyribose nucleic acids, which 
were carried out by Mrs. A. Graff on the cold acid- and alcohol-extracted 
dried organisms, and on the residue from hot acid extraction of this frac- 
tion (Table V).5 The validity of applying the color tests directly to whole 
tissues, at least in the case of the test for ribose nucleic acid, is thus sup- 
ported. 

The adenine to guanine ratio is higher than that found in most ribose 
nucleic acids (23), but the preponderance of the latter in Tetrahymena is 
in agreement with cytochemical observations on Paramecium (26). 


The authors wish to acknowledge their indebtedness to Dr. Samuel Graff 


* The xanthosine showed 0.1 per cent of the nutritional activity of guanine. That 
this was due to contamination with a guanine derivative was indicated by retention 
of the activity after acid hydrolysis, and loss of activity when the xanthine fraction 
was recovered from the hydrolysate by elution from a Dowex 50 column. 

5 A. Graff, unpublished. Desoxyribose nucleic acid was determined by an un- 
published indole procedure and by the diphenylamine (24) method, and ribose nucleic 
acid by the Dische cysteine method (25). 
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for his guidance and assistance in these experiments, which were initiated 
in his laboratory, and to Dr. William H. Summerson, in whose laboratory 
a portion of the work was carried out. 


TaBLe V 


Nucleic Acid Content of T. geleii; Comparison of Amount Calculated from Total Bound 
Purine Content with That from Direct Colorimetric Tests on Dried Organisms 


Total nucleic acid 
RNA DNA DNA 
(cysteine)* (indole)* RNA + DNA X 100 
Y per mg. Y per mg. Y per mg. y per mg. 
Whole organisms...._..... 45 43.6 5.0 48.6 10.3 
HCl-extracted residue... . 2 0.6 2.6 


RNA, ribose nucleic acid; DNA, desoxyribose nucleic acid. 
* See the text. 


SUMMARY 


When optimal amounts of both adenine and guanine are available to 
Tetrahymena geleii, the extent to which nucleic acid adenine is derived 
from each is the same in either the absence or presence of low inhibitory 
levels of 8-azaguanine. 

Nucleic acid adenine is derived to an equal extent from hypoxanthine- 
8-C™ and adenine, when these are administered with suboptimal guanine, 
but the hypoxanthine is not converted to nucleic acid guanine. 

Xanthosine is nutritionally inert. 

The ratio of bound adenine to guanine in the organisms was found to be 
1.1:1. The total nucleic acids were calculated to be 4.5 per cent of the 
dry weight from the bound purine content, and 4.9 per cent from colori- 
metric sugar tests. 

Adsorbed purines were shown not to be present after extraction with cold 
trichloroacetic acid. 
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THE EFFECT OF CORTISONE UPON PROTEIN SYNTHESIS 


By Il. CLARK 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, June 11, 1952) 


For some time, it has been known that the injection of adrenal cortex 
extracts or adrenal steroids containing oxygen substitutions at the Cy 
position augments the excretion of nitrogen in the urine of animals either 
fasting or feeding normally. Similar injections into adrenalectomized or 
hypophysectomized animals also raise the fasting nitrogen excretion above 
normal (1-3). On the contrary, the loss of cortical secretion is accom- 
panied by a decreased urinary nitrogen excretion (3-9). 

It was thought that finding the mechanism of the increased output of 
urinary nitrogen, following adrenal steroid therapy, might help to clarify 
the rdle of these steroids in protein metabolism. Cortisone (17-a-hydroxy- 
11-dehydrocorticosterone) typically increases the urinary nitrogen excre- 
tion of rats and man. In 1942, Albright (10) suggested that the 1l-oxy- 
genated steroids perhaps were concerned with an antianabolic action rather 
than a catabolic one on protein. However, there are conflicting reports in 
the literature as to whether cortisone exerts this effect upon protein syn- 
thesis (11) or upon protein breakdown (12). The results obtained in the 
following experiments appear to confirm the Albright concept that one of 
the actions of the adrenal cortical hormone is to inhibit protein synthesis, 
although a lesser effect upon protein catabolism cannot be overlooked. 

When an amino acid is fed to an animal, it mixes with the other constitu- 
ents of the metabolic pool and part of its nitrogen may be used for protein 
synthesis while another part is converted to excretory products. The more 
efficient the utilization of the amino acid for protein synthesis, the less of 
its nitrogen will be found intheurine. Recently, Sprinson and Rittenberg 
(13) have shown that, by feeding a tracer dose of an isotopic amino acid 
(N'-glycine) and by determining the amount of its nitrogen excreted in 
the urine, they could calculate the rate of protein synthesis. This tech- 
nique has accordingly been employed in both normal and adrenalectomized 
rats, some of which had received cortisone, in an attempt to determine 
whether cortisone affected the rate of protein synthesis. 

Experiment 1—White male rats of the Wistar strain were used. 1 month 
prior to their use, half had been adrenalectomized and a sham operation 
was performed on the other half. All animals received 1 per cent sodium 
chloride in their drinking water. The treated animals received 3 mg. of 
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cortisone acetate! subcutaneously every day for 5 days. During the test 
period, all animals were given slightly less food than they would eat ad 
libitum. On the 4th day all the animals received by stomach tube 25 mg. 
of glycine containing 32 atom per cent excess N!®. Urines, collected quan- 
titatively under toluene over a 48 hour period, were analyzed for total 
nitrogen, urea nitrogen, ammonia nitrogen, and N. 


TABLE I 
Data in Experiment 1 on Protein Synthesis in Metabolism of Rats 


| Adrenalectomized | Adrenalectom- Sham operation 


| Sh l 
+ cortisone ized control 


| Rat 6 Rat 8 | Rat? Rat 9) Rat Rat 15 


Rat 13° 
| 


Initial weight...........| 192 | 212 213 | 220 | 222 226 214 
Final weight............| 164 | 178 211 (211 | 208 | 204 (220 (211 
Weight changes, gm. in 5 : | | | 
—-28 -34 -9 -2 -6 --3 
Food intake, gm. in 5 | | | | 
Urea N, 48 hrs., mg..... 531 530 326 368 5388 539 405 389 


Total N, 48hrs.,mg.... 701 651 405 451 648 | 644 480 480 
N}5, 48 hrs.,* % dose ex- | 
1. 


1.09 1.39 2.20 1.70) 1.10 1.62 


* P for the difference between the cortisone-dosed and control animals = <0.005. 
t Incomplete urine; part of the Ist day’s collection was spilled. 
t Sx, rate of protein synthesis per kilo of rat. 


Results 


Although all the animals ate approximately the same amount of food 
during the test period (Table I), the animals receiving cortisone lost con- 
siderably more weight than their respective controls. The loss in weight 
observed in these animals cannot be accounted for by a decreased food 
intake but may be the result either of an increased breakdown of tissue or 
of a decrease in the utilization of the ingested food for tissue synthesis. 

The urinary nitrogen values (Table I) show the pronounced effect of 
cortisone in increasing nitrogen excretion. Moreover, the adrenalectomized 
controls retain somewhat more nitrogen than do the sham controls. Since 
urea, the main excretory product of protein metabolism, is formed in the 
liver, it appears that the administration of cortisone results in an increased 
metabolic activity of this organ. It has been reported that adrenal steroids 
do increase the arginase activity of the liver (14). 


1 Cortone, Merck. 
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An examination of the isotope data (Table I) shows that the cortisone- 
treated animals excrete much more of the ingested isotope than do their 
respective controls. It is possible that these animals either cannot utilize 
the dietary protein for synthesis as efficiently as do the normal rats or are 
catabolizing tissue protein at a greater rate than normal. 

Upon calculating the rate of protein synthesis (Sx) (Table I) by the 
method of Sprinson and Rittenberg (13), it was found that the administra- 
tion of cortisone to either normal or adrenalectomized rats resulted in a 
decrease in the over-all rate of protein synthesis as compared to their con- 
trols. The rate of protein synthesis of the adrenalectomized controls ap- 
peared to be slightly greater than that of the sham controls. However, an 
analysis of variance (15) revealed differences of dubious significance between 
adrenalectomized and normal rats. 

The data suggest that the dietary nitrogen is converted preferentially 
into excretory products rather than into tissue protein by the animals that 
had received cortisone. 

Experiment 2—To investigate the effect cortisone has upon tissue utiliza- 
tion of dietary amino acids, groups of rats similar to those in Experiment 
1 were set out, except that the animals receiving cortisone were on test for 
10 days. On the 9th and 10th days, all the rats received 1 mm of isotopic 
glycine containing 32 atom per cent excess N!° per 100 gm. of body weight. 
Urines were collected quantitatively under toluene on the 10th and 11th 
days and were analyzed for urea nitrogen, ammonia nitrogen, and N?° in 
the usual manner. 24 hours after the last dose of glycine, the animals were 
sacrificed by decapitation and serum was collected. The carcass (every- 
thing except skin and viscera) and the liver were ground separately in a 
Waring blendor in 70 per cent alcohol and then extracted in a Soxhlet 
extractor with 95 per cent alcohol for 8 hours, followed by ether ex- 
traction for 3 hours. All the extracts were evaporated to dryness and 
taken up in water, centrifuged when necessary, and made up to a suitable 
volume from which aliquots were taken for analyses for non-protein nitro- 
gen, creatinine, and N!®, The defatted tissues were air-dried and then 
dried over P.O, in a desiccator to constant weight. Suitable aliquots were 
taken for total nitrogen and N' determination. 


Results 


As in the first experiment, the loss in weight of the animals receiving 
cortisone cannot be correlated with any decrease in food intake. During 


_ the last 4 days of the experiment, all the animals received 10 gm. of diet 


daily; yet the animals given cortisone lost considerably more weight than 
the controls. 
The urinary nitrogen excretion also parallels that in Experiment 1, there 
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being a marked increase in the excretion of urea nitrogen, total nitrogen, 
and N!° by the cortisone-treated animals. The P for difference between 
cortisone-dosed rats and controls again is <0.005. Again, the data 
suggest that cortisone results in an impairment in the utilization of the 
dietary protein. 

Reference to the data in Table IT reveals that the carcass tissues of the 
cortisone-treated animals, in fact, do contain less N!® than those of the 
control. The lower N!®> content of these tissues would indicate that in 
cortisone treatment the utilization of amino acids for protein synthesis 


TABLE II 
Carcass* (Dried and Defatted) 
| Protein N | Non-protein N 
| | | 
mg meg. 
Adrenalectomized + 6A 3450. 14.7 | 135 | 0.46 
cortisone 4180— 15.3 | 252 | 1.90 
Adrenalectomized | 4 18.7 | 342 | 3.60 
control 27 |. 4200. 16.8 | 338 | 3.18 
Sham + cortisone 4230 13.9 (196 | 0.75 
 eontrol 4270 15.6 264 1.52 
55 4480. 20.9 268 2.21 


* By carcass is meant all the tissue except skin and viscera. 
+t P for difference between cortisone-dosed and control animals = 0.08. 
t P for difference between cortisone-dosed and control animals = <0.025. 


| 
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does occur, but with a lowered efficiency. It is also possible that replace- 
ment of amino acids within the protein may occur but that no new protein 
formation may take place. 

The situation in the liver is exactly the opposite of that found in the rest 
of the carcass (Table III). Here the livers of the cortisone-treated rats 
are much larger and contain more pretein nitrogen and N45. This increase 
in protein nitrogen and N® clearly indicates that these livers are actually 
synthesizing more protein than the controls. Similar findings have been 
obtained by Silber and Porter.? 

Another indication of an increased metabolism of the liver i is the total 
“creatinine”? values as determined by the Jaffe reaction. The livers of the 
control animals contain about one-half as much as do those of the cortisone- 


2 Silber, R. H., and Porter, C. C., unpublished data. 
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dosed rats. Recently, Umbreit and Tonhazy (16) have shown that this 
increase in Jaffe-positive material is due to an increase in the deamination 
of methionine, the resulting keto acid reacting similarly to creatinine in 
the Jaffe test. 

Since the liver is the site of albumin formation, a further indication of 
its heightened metabolism is the increase of both serum protein and its 
content. 


TaBLe III 
Liver (Dried and Defatted) 
| Protein N ! Non-protein N | Serum 
| 
Z| | 
Rat Weight | | Jaffe 
Total Total =| ~ 
| sis | = | 
| a | 
Z Z. 
| | | meg mg. per per 
Adrenalectomized + 2.37 6.27 13.3. 0.49 6.6 6.62 
cortisone 417A | 2.42 | 291 | 6.14 | 13.3 | 0.47 | 23) 7.8) 7.80 
Adrenalect omized | 4 | 1.86 | 4.27: 3.9 0.12 | 7.7:1 441 
control 27 1.45 | 214 | 4.43 | 3.7 0.11 7.7 | 5.2 | 5.08 
Sham + cortisone 2.038 268) 5.57 9.3 0381 7.0; 6.62 
2.54 318 7.75 10.4. 0.41 | 9.5; 12.0 
 eontrol 53 11.64. 242 §.3 10.22, 7.7: 5.4; 6.21 
55 1.76 | 204 | 0.22; 8.7 8.7 


* P for difference between cortisone-dosed and control animals = <0.05. 
+ P for difference between cortisone-dosed and control animals = <0.005. 


DISCUSSION 


Nitrogen balance studies have been used successfully for many years to 
evaluate the net protein metabolism of animal and man. Unfortunately, 
the data obtained from such studies give no indication as to the source of 
the excreted nitrogen. The isotope technique, as used by Sprinson and 
Rittenberg (13), now enables one to ascertain whether or not the urinary 
nitrogen is endogenous or exogenous. The data (Table I) from Experiment 
1 show that the rats which received cortisone excreted almost twice as 
much of the ingested isotope as did their respective controls. This would 
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indicate that these animals do not utilize the exogenous nitrogen as effi- 
ciently as do the untreated rats. The calculated rate of protein synthesis 
of these animals shows this to be the case. Cortisone treatment would 
appear to impair protein synthesis by interfering with the formation of 
new protein. 

The decrease in the rate of protein synthesis found by calculation in 
Experiment 1 is confirmed by the results of Experiment 2. Here it can be 
seen (Table II) that the actual amount of isotope fed which was incorpo- 
rated into the carcass tissue, that is everything except skin, viscera, and 
non-protein nitrogen of the cortisone-treated animals, is considerably less 
than that found in the control rats. The data obtained from. the liver are 
diametrically opposed to those of the carcass. Since the liver is relatively 
small compared to the carcass, changes in this organ will be overshadowed 
by those of the carcass. Thus the use of urinary excretion data to evaluate 
the status of protein metabolism is valid only when the over-all picture is 
concerned. 

From these experiments, it appears that one of the actions of the adrenal 
hormone is to regulate protein synthesis. In the dynamic state, there is a 
continual breakdown of protein to amino acids, followed by a resynthesis. 


(A) 


synthesis 
Protein <— - amino acids 


breakdown 


(B) 


Since the uptake of the isotope by the protein is less in the treated 
animals, it is clear that Reaction A is hindered. The possibility that an 
increase in the rate of Reaction B is the deciding factor can be ruled out 
since the N® incorporated is greatly diluted with normal nitrogen, and even 
a great increase in the degradative rate would merely result in a very small 
fraction of the isotope being excreted in 48 hours. Further evidence 
against the rdle of cortisone as an accelerator of protein catabolism is its 
failure to effect the rate of disappearance of antibody protein (17). This 
hypothesis that one of the actions of cortisone is to limit protein synthesis 
is supported by other evidence. Clinically and experimentally, it has been 
shown that the administration of cortisone markedly retards the healing of 
wounds (18, 19). Layton has shown 7n vitro that cortisone interferes with 
the incorporation of sulfur in chondroitin sulfuric acid (20). Other investi- 
gators have also shown a decreased uptake of C'*-glycine by the muscles 
and kidneys of rats treated with adrenocorticotropin (21). A catabolic 
effect of cortisone cannot be completely ruled out by these experiments. 
However, from the data presented here the antianabolic effect of this 
hormone appears to be of greater significance in the regulation of protein 
metabolism. 
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The increased metabolism of the liver is most probably a compensatory 
reaction. The liver once more plays its familiar réle as a ‘“‘detoxicating”’ 
agent by metabolizing any excess of amino acids and other nitrogen com- 
pounds that may have resulted from the impairment of protein synthesis 
by cortisone. 

Another interesting finding revealed by the data is that, when there is a 
decrease in the synthetic activity of a tissue, there is a marked drop in the 
amount of non-protein nitrogen and N*® of this tissue (Table II). On the 
other hand, if the synthetic activity of a tissue is heightened, there appears 
to be an increase in the non-protein nitrogen and N*® of this fraction (Table 
III). A comparison of the non-protein nitrogen of different organs of 
animals under various treatment may reveal the metabolic status of the 
particular organ in question. Experiments are under way to ascertain 
whether this is generally true. 


The author wishes to express sincere thanks to Mr. Edward Lehman of 
the Merck Institute for valuable technical assistance, to Mr. Irving Sucher 
for the isotopic analyses, and to Professor David Rittenberg, both of the 
College of Physicians and Surgeons, Columbia University, for valuable 
discussions and advice concerning this work. 


SUMMARY 


1. Evidence is presented that cortisone causes an increase in urinary 
nitrogen because it acts as an inhibitor or regulator of protein synthesis. 

2. The validity of using urinary nitrogen data for calculating the status 
of protein synthesis in the rat has been confirmed by tissue analyses. 

3. It is suggested that, during cortisone treatment, the liver acts as a 
detoxicating agent by preventing the accumulation of nitrogenous sub- 
stances not elsewhere utilized by the body. 

4. Evidence is presented that an increased anabolic activity of an organ 
is accompanied by an increase in its non-protein nitrogen. Also, increased 
catabolic activity of an organ is characterized by a decrease in its non- 
protein nitrogen. 
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THE INFLUENCE OF THE ADRENAL CORTEX ON THE 
MOBILIZATION OF TISSUE PROTEIN* 


By SIDNEY ROBERTS 
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For more than a decade the secretions of the adrenal cortex have been 
associated with the metabolism of protein. The work of Long and his 
collaborators clearly demonstrated that the administration of potent ad- 
renal cortical extracts to experimental animals resulted in increased gluco- 
neogenesis, associated with accentuated nitrogen excretion (1-3). This 
effect of the adrenal cortex on the catabolism of protein has been confirmed 
many times (4). 

There has accumulated, however, considerable evidence that variations 
in adrenal cortical secretion are not invariably accompanied by similar 
variations in protein catabolism (5-7). In fact, the reverse relationship 
has occasionally been demonstrated; e.g., increased protein breakdown after 
adrenalectomy (8), or decreased catabolism after pituitary-adrenal cortical 
activation (9, 10). These apparently anomalous observations can prob- 
ably be resolved on the basis that the major function of the adrenal cortex 
in protein metabolism appears to involve the mobilization of protein stores 
in the body (11-15). The mobilization of carcass protein appears to require 
the intervention of the thyroid gland in addition to the adrenals (15). 

The present investigations substantiate the view that the mobilization of 
tissue proteins is an important function of the adrenal cortical hormones 
and suggest that the effects of these hormones on protein metabolism are 
produced primarily by labilization of the tissue proteins (16-18). In addi- 
tion, the results reported below indicate that the end-result of the transloca- 
tion of protein in the body due to pituitary-adrenal cortical activation may 
be local or systemic protein anabolism or catabolism, depending upon the 
tissue requirements for protein at the moment (17, 19). 


Methods 


The majority of the procedures employed in this investigation have been 
described elsewhere (20-23). 


* Aided by research grants from the National Cancer Institute, National Institutes 
of Health, United States Public Health Service (No. C-1408), from the American Can- 
cer Society on recommendation by the Committee on Growth of the National Re- 
search Council, and from the Cancer Research Coordinating Committee of the Uni- 
versity of California. 
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The animals used were adult, male, Sprague-Dawley rats, weighing be- 
tween 250 and 300 gm. and maintained ad libitum on Purina laboratory 
chow. Bilateral adrenalectomy, when performed, was carried out by the 
dorsal approach 2 to 4 days before use of the animals. Endocrine prepara- 
tions were injected intraperitoneally; these included Wilson’s aqueous ad- 
renal cortical extract (ACE) and Armour’s adrenocorticotropin (ACTH), 

Studies in vitro were conducted in Warburg flasks, containing 200 mg. of 
tissue mince and 2 ml. of fresh serum, obtained from rats under Nembutal 
anesthesia by exsanguination from the abdominal aorta. The tissue mince 
consisted mainly of intact cells (20). Incubation was carried out at 38° 
with a constant stream of 95 per cent oxygen-5 per cent carbon dioxide 
passing through the flasks. Total and non-protein nitrogen determinations 
and electrophoretic analyses were performed on the serum before and after 
incubation. Serum samples were prepared for electrophoresis by dilution 
of 1 ml. aliquots with 2.5 ml. of 0.025 m sodium diethyl] barbiturate buffer 
at pH 8.6 (24) and were dialyzed against this buffer for 2 days in the 
refrigerator. All electrophoretic studies were conducted at a temperature 
of 0° in the Perkin-Elmer Tiselius apparatus, with a constant current of 
approximately 10 ma. passing through a 2 ml. cell. 

Partial hepatectomy was performed by a method previously described 
(21). Food was removed after operation, since food intake is extremely 
variable for the first 48 postoperative hours. Groups of animals were sac- 
rificed by exsanguination under Nembutal at intervals of time varying from 
0 to 48 hours after operation. ‘Total and non-protein nitrogen determina- 
tions and electrophoretic analyses were carried out on the sera. Portions 
of liver were saved for analysis of protein, lipide, and water (22, 23). 
Urinary collections were also made from all animals after partial hepatec- 
tomy and suitable aliquots were analyzed for total nitrogen. 


Results 


Influence of Adrenal Cortex on Release and Utilization of Protein by 
Surviving Tissues in Vitro 


Earlier studies from our laboratory had indicated that the rate of release 
of antibody protein from splenic tissue in vitro was proportional to the level 
of circulating adrenal cortical hormones in the animal (25). It was noted 
during the course of these studies that the release of total protein by this 
tissue was similarly affected. A more detailed investigation was under- 
taken of the effect of the adrenal cortical secretions on protein release by 
hepatic and splenic tissue in vitro. The observations made are reported 
below. 

Surviving tissues obtained from untreated rats were found to release 
proteins to a serum medium in vitro at a rate intermediate between that 
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observed for animals adrenalectomized 2 to 4 days earlier and those injected 
intraperitoneally 2 hours before autopsy with either ACE (2 ml.) or ACTH 
(equivalent to 4 mg. of Armour standard LA-1-A per 100 gm. of body 
weight). These results are depicted in Fig. 1. Electrophoretic exam- 
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HOURS OF INCUBATION 
Fig. 1. The influence of the adrenal cortex on the rate of release of protein during 
incubation of surviving rat liver and spleen in rat serum. Each point represents the 
amount of protein released to the medium in six to twenty separate experiments (mean 
+ standard error). The tissues were obtained either from untreated animals (O), 
adrenalectomized (X), or ACE- or ACTH-injected animals (@). 


Fic. 2. Electrophoretic characterization of the protein released by liver and splenic 
tissue in vitro. Electrophoretic tracings are shown of rat serum before incubation 
(A) and after incubation with liver mince (B) or splenic mince (C) for 6 hours. 


ination of the serum media before and after incubation with splenic or 
liver mince yielded the results shown in Figs. 2 and 3. It is apparent that 
the major protein released by splenic tissue in vitro possessed an electro- 
phoretic mobility characteristic of serum 8-globulin; that released by liver 
tissue traveled with the speed of an a-globulin. In both instances, al- 
bumin disappeared from the serum medium concurrently. The ability of 
surviving tissues to release specific proteins when incubated in homologous 
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serum has been observed previously (16, 18, 20, 26, 27). Preliminary 
studies on the influence of the adrenal cortex on protein release in vitro 
have also been reported (16, 18, 25). 

Studies on protein release by rat tissues incubated in artificial buffers 
have yielded results at variance with these. Thus, Kline (28) reported 
that the release of protein by liver slices in vitro was unaffected by the level 
of circulating adrenal cortical hormones in the animal supplying the tissue. 
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Fic. 3. The influence of the adrenal cortex on the protein composition of the serum 
medium during incubation of surviving rat liver or spleen. The composition of the 
protein added or removed is shown, albumin being designated by A and the various 
globulins by the appropriate symbols. The tissue was obtained from either untreated 
animals (open bar), adrenalectomized (cross-hatched bar), or ACE- or ACTH -treated 
animals (solid bar). The standard error of the mean, in each case, is designated by 
the T-shaped symbol at the top or bottom of each bar. The number of animals con- 
tributing to the average in each group is shown above the total protein bars. 


In addition, Hoch-Ligeti and Hoch (29) reported that a wide variety of 
proteins was released by liver slices incubated in phosphate buffer. We 
have obtained similar results when surviving liver mince was incubated in 
a phosphate buffer and have therefore ascribed these differences to the 
nature of the incubation medium (1.e., buffer versus serum). 


Influence of Adrenal Cortex on Plasma and Liver Protein Regeneration in 
Partially Hepatectomized Rat 


Previous investigations from our laboratories have revealed that the 
partially hepatectomized rat is an excellent preparation in which to study 
the regulatory influences of the hormones on metabolism (22). The rapidly 
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regenerating liver appears to be particularly responsive to such influences. 
It seemed desirable, therefore, to investigate in this preparation the sug- 
gested réle of the adrenal cortex in protein mobilization. 

Fig. 4 reveals that the rate of liver regeneration was proportional to the 
level of circulating adrenal cortical hormones in the partially hepatecto- 
mized rat fasted after operation. The mobilization to the liver of protein 
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HOURS AFTER PARTIAL HEPATECTOMY 


Fig. 4. The influence of the adrenal cortex on the mobilization of protein, lipide, 
and water to the liver of the partially hepatectomized rat. Each point represents 
the average of six to nine animals partially hepatectomized 0 to 48 hours earlier, and 
otherwise untreated (O), adrenalectomized 2 days earlier (X), or ACE- or ACTH- 
injected at 6 hour intervals, beginning 12 hours before operation and continuing until 
autopsy (@). The mean + the standard error is shown in each case. 


and water was markedly enhanced by pretreatment with ACE or ACTH. 
Mobilization of liver lipide, on the other hand, was relatively unaffected 
by administration of hormone. Previous adrenalectomy inhibited the dep- 
osition of lipide, as well as of protein and water, in the liver of the partially 
hepatectomized animal. Berman et al. (30) and Friedgood et al. (31) had 
earlier demonstrated the inhibitory effect of adrenalectomy on liver regen- 
eration. The inhibition by adrenalectomy of the mobilization of lipide to 
the liver of the otherwise intact rat has been described by MacKay and 
Barnes (32). 

Partial hepatectomy in the rat normally results in a profound depression 
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in the serum proteins. This is primarily due, in the early stages, to a 
decrease in a-globulin (20). In the present studies, this depression was 
completely prevented by pretreatment with ACE or ACTH (Fig. 5). Con- 
versely, the depression in serum proteins was accentuated by adrenalec- 
tomy performed 2 to 4 days preceding partial removal of the liver. 

It may be noted that these effects of the adrenal cortical hormones on 
protein metabolism were not accompanied by changes in the excretion of 
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Fig. 5. The influence of the adrenal cortex on the changes in serum protein levels 
occurring after partial hepatectomy in the rat. See the legend to Fig. 4 for explana- 
tions. 


urinary nitrogen (Fig. 6). Thus, adrenalectomy or hormone treatment had 
no effect on nitrogen excretion, except possibly during the first few hours 
after partial hepatectomy. Here, the well known protein catabolic effect 
of the adrenal cortical hormones was observed, probably reflecting the 
situation existing before operation. This lag in nitrogen excretion is a 
well known phenomenon. | 

The absence of a catabolic effect of the adrenal cortical secretions on the 
nitrogen metabolism of the partially hepatectomized rat was substantiated 
by studies of the changes in serum non-protein nitrogen. It will be noted 
in Fig. 7 that small but significant increases in these levels occurred after 
partial hepatectomy in all three groups of animals: adrenalectomized, con- 
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trol, and hormone-injected. These changes were not markedly influenced 
by the activity of the adrenal cortex, although previous adrenalectomy did 
increase the level of circulating non-protein nitrogen. 
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HOURS AFTER PARTIAL HEPATECTOMY 


Fic. 6. The influence of the adrenal cortex on the urinary excretion of nitrogen in 
the partially hepatectomized rat. The average values are shown for at least six to 
nine animals at each period of collection. These animals were partially hepatecto- 
mized 6 to 48 hours earlier, and otherwise untreated (solid line), adrenalectomized 
2 days earlier (dotted line), or ACE- or ACTH -injected at 6 hour intervals, beginning 
12 hours before operation and continuing until autopsy (dash line). 
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HOURS AFTER PARTIAL HEPATECTOMY 
Fic. 7. The influence of the adrenal cortex on serum non-protein nitrogen levels 
in the partially hepatectomized rat. See the legend to Fig. 4 for explanations. 


DISCUSSION 


The studies reported above support the concept that the primary role of 
the adrenal cortical secretions in protein metabolism is stimulation of the 
mobilization of tissue protein. Two relatively distinct phenomena appear 
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to be involved in this process. These are, first, the labilization of tissue 
protein, and, second, the translocation of labilized protein to the site of 
utilization. The labilization of tissue protein was found to be directly 
under the control of the adrenal cortex. Evidence is not at present avail- 
able to determine whether the translocation of tissue protein is directly or 
secondarily influenced by the hormonal secretion of the adrenal cortex. 
The actual transport of this protein may be a passive process, at least as far 
as the adrenal is concerned, possibly induced as a result of the enhanced 
release of protein by the tissues. The available information indicates that 
the eventual utilization of the translocated protein is in large measure 
conditioned by the requirements for protein catabolism or anabolism by the 
organism and by specific tissues at the moment. 

The labilization of tissue proteins in response to activation of the pitui- 
tary-adrenal cortical system was indicated by the markedly accentuated 
release of protein 7n vitro by tissues from rats previously injected with ACE 
or ACTH. A reduction of protein release occurred in tissues obtained 
from adrenalectomized animals. The proteins released under these condi- 
tions varied with different tissues. On the basis of considerable experi- 
mental evidence, Madden and Whipple (33) concluded that tissue proteins 
are normally translocated in the body in the form of plasma protein, and 
that they may be used in this form by other tissues. Evidence for the 
appearance in the circulation of tissue protein labilized by the action of the 
adrenal cortical hormones is available from the work of White and 
Dougherty (12). However, a decrease in serum protein with the same 
treatment has also been noted (25, 34). It is apparent that the actua’ 
change in the level of circulating protein at any particular time must neces- 
sarily represent a balance of the addition of protein to the blood and its 
removal by the tissues (25). 

The rapid regeneration of liver protein in partially hepatectomized rats 
treated with ACE or ACTH constitutes strong evidence for hormonal 
stimulation of protein mobilization from extrahepatic tissues. Obviously, 
in this instance at least, the tissue proteins translocated to the liver were 
not immediately catabolized, but, rather, appeared to be incorporated into 
the structure of this organ. That tissue protein, labilized by the action of 
the adrenal cortical secretions, need not be immediately catabolized is 
substantiated by a large number of clinical and experimental studies (10, 
14, 35, 36). The efficacy of ACTH in promoting liver repair in viral 
hepatitis (37) and in chronic liver disease (38, 39) in the human has been 
reported and would appear to represent a situation analogous to the en- 
hanced regeneration of liver tissue observed in partially hepatectomized 
rats treated with ACE or ACTH. 

In the present investigations, the remarkable observation was made that 
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no extra non-protein nitrogen appeared in the urine or serum of rats with 
regenerating liver tissue as a result of continued treatment with adrenal 
cortical hormones. These results imply that there was no increase in over- 
all protein catabolism under these conditions, and also that the net metab- 
olism of amino acids in the body was not affected by these hormones. In 
contrast, the decline in serum proteins normally seen after partial removal 
of the liver (20) was completely prevented by ACE or ACTH administra- 
tion. The maintenance of preoperative levels of serum proteins in this 
preparation by adrenal cortical stimulation was shown by electrophoretic 
analysis to be due to a marked increase in the level of circulating a-globulin. 
The experiments in vitro (see above) indicated that this protein arises 
principally in the liver, and that its release from this tissue can be increased 
by activation of the adrenal cortex. Two explanations may be advanced 
for the observed capacity of the adrenal cortical hormones to maintain 
serum protein levels in the partially hepatectomized rat. First, it may be 
suggested that the increased levels of circulating a-globulin represent extra- 
hepatic tissue protein during translocation to the liver where, presumably, 
it is to be utilized for the regeneration process. Although the liver appears 
to be the main source of this protein, it appears to be formed in lesser 
quantities by other tissues as well (16). A second possible explanation for 
the increased levels of serum a-globulin after hormone treatment is perhaps 
more consistent with the available evidence. Thus, the increased incorpo- 
ration of protein into the regenerating liver as a result of ACE or ACTH 
administration may have resulted in an increased formation and release of 
a-globulin by the liver to the circulation. The source of regenerating liver 
protein and ultimately serum a-globulin would appear to be serum albumin, 
the levels of which were observed to decline as liver regeneration progressed. 
In this connection, Moore et al. (40) have reported the penetration of serum 
albumin into muscle as a result of traumatization of this tissue. The 
numerous reports in the literature on the appearance of increased amounts 
of a-globulin in the circulation of traumatized animals and human patients 
under a wide variety of conditions have been reviewed in an earlier publi- 
cation (20). In most of these instances, the increase in a-globulin was 
accompanied by a decline in serum albumin. Serum albumin may repre- 
sent a protein that can readily be used by tissues (particularly, damaged 
tissues) for the synthesis of new tissue protein or for the energy transforma- 
tions required by these tissues. The rdle of a-globulin and the other serum 
globulins under these circumstances is still obscure. 

It may be reasonably concluded from the present investigations that the 
stimulation of tissue protein mobilization which occurs in response to ac- 
tivation of the pituitary-adrenal cortical system (e.g., during stress) is 
primarily effected via labilization of the tissue proteins. This labilization 
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of tissue protein may constitute the ‘‘permissive’’ action of the adrenal 
cortical steroids on protein metabolism described by Ingle e¢ al. (5). These 
investigators observed that the adrenal cortex was necessary but not re- 
sponsible for the increase in nitrogen excretion in rats following stress, 
Ingle suggested that the hormones of this endocrine gland served mainly 
to permit homeostatic adjustments of the body to disturbing environmental 
influences (41). It seems probable from the data presented above that 
these hormones increase the availability of tissue protein. The exact dis- 
position of the labilized tissue protein presumably varies with the need of 
the organism or of specific tissues at the moment, and is in a direction 
tending to maintain homeostasis. As a result, the end-effect of pituitary- 
adrenal cortical stimulation on protein metabolism may be an increase or a 
decrease, or even no change, in over-all protein catabolism. Anabolic and 
catabolic processes may occur at the same time in different parts of the 
body. The latter situation appears to exist in the traumatized animal, in 
which undamaged tissues supply protein for the repair of damaged struc- 
tures. These proteins appear to be translocated to the ailing tissues in the 
form of specific serum proteins, which may be considered a reservoir of 
available material for the synthesis of new tissue protein. 


SUMMARY 


The release of protein to a serum medium by rat liver and splenic tissue 
in vitro was enhanced by previous treatment of the animals with adrenal 
cortical extract or ACTH. Adrenalectomy depressed the rate of protein 
release. The protein released by liver tissue possessed the electrophoretic 
mobility of serum a-globulin; that released by spleen was similar to serum 
8-globulin. Disappearance of albumin from the serum medium was coinci- 
dent with the addition of globulin. 

Evidence was obtained that the tissue proteins labilized by pituitary- 
adrenal cortical stimulation may be utilized for accelerating liver regenera- 
tion in the partially hepatectomized rat. The enhanced repair of the liver 
as a result of ACE or ACTH administration in this preparation was char- 
acterized primarily by an increased deposition of liver protein. No increase 
in serum or urinary non-protein nitrogen was observed under these condi- 
tions, but the usual decline in serum proteins occurring after partial removal 
of the liver was completely prevented by hormone treatment. 

The results indicate that the primary effect of the adrenal cortical secre- 
tions on nitrogen metabolism involves an accelerated mobilization of pro- 
tein. This action appears to be effected by a labilization of tissue protein 
and the resulting translocation of this protein to other sites in the body in 
the form of specific plasma proteins. The end-result of pituitary-adrenal 
cortical activation in this respect may be local or systemic protein anab- 
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olism or catabolism, depending upon the tissue requirements for protein at 
the moment. 


The technical assistance of Miss Irene Rask and Mrs. Rita Huang is 
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A METHOD FOR ESTIMATING SERUM ACID PHOSPHATASE 
OF PROSTATIC ORIGIN* 
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(From the Cancer Research and Cancer Control Unit and the Department of Bio- 
chemistry and Nutrition, Tufts College Medical School, Boston, and the Bio- 
chemistry Laboratory, Holy Ghost Hospital, Cambridge, Massachusetts) 


(Received for publication, July 14, 1952) 


In 1949, Abdul-Fadl and King (1) reported an extensive study on the 
properties of acid phosphatases of erythrocytes, liver, spleen, and pros- 
tate of normal human subjects. It was established that cuprie ions and 
formaldehyde inhibited erythrocyte but not prostatic acid phosphatase, 
whereas L-tartrate inhibited prostatic but not erythrocyte acid phos- 
phatase. 

In the present study, the ability has been tested of L-tartrate to inhibit 
the “prostatic”! component of the serum acid phosphatases. 


Method 


Principle—TVhe hydrolysis of phenyl phosphate is measured in the ab- 
sence and in the presence of L-tartrate. The difference found in the 
amount of phenol liberated is believed to represent the inhibition of acid 
phosphatase of prostatic origin. The analytical procedure is based on the 
modification by Benotti ef a/. (2) of the Gutman and Gutman (3) ver- 
sion of the King-Armstrong method (4). 

Reagents— 

Citrate buffer, pH 4.9. Dissolve 18.9 gm. of citric acid (Merck, c¢.p.) 
in 500 ce. of HO and add 180 ce. of 1 N NaOH and 100 ce. of 0.1 N HCL. 
Make up to | liter with distilled H.O. Check the pH of the buffer and 
adjust to pH 4.9 with 1 N NaOH or 0.1 ~ HCI, as needed. Store in the 
refrigerator in a glass-stoppered bottle. 

Substrate, disodium phenyl phosphate (Paul-Lewis Laboratories, Madi- 
son, Wisconsin). A 1 per cent aqueous solution of substrate is prepared 


* This investigation was supported by a grant-in-aid from the Massachusetts 
Division of the American Cancer Society, Boston, and in part by a cancer control 
grant-in-aid from the National Cancer Institute, National Institutes of Health, 
United States Public Health Service, and by an institutional grant of the Ameri- 
can Cancer Society. 

' “Prostatic”? is intended to indicate that portion of the serum acid phosphatase 
which is inhibited by L-tartrate under the experimental conditions defined in this 


paper. 


SY 


XUM 


90 SERUM ACID PHOSPHATASE 


fresh every 2 weeks in routine work or when the blank contains more 
than 0.015 mg. of phenol. 

Dilute phenol reagent, Folin and Ciocalteu (prepared solution, Mahady 
and Company, Boston). Dilute 1 volume with 2 volumes of water. Store 
in the refrigerator in a brown glass bottle. 

Sodium carbonate (anhydrous, Merck reagent). A 20 per cent aqueous 
solution is prepared. Filter daily before using. 

Standard aqueous phenol solution containing 0.01 mg. per ce. Prepare a 
solution of phenol in 0.1 N HCl which contains approximately 1 mg. per 


TaBie I 
‘*Prostatic’’ Phosphatase in Blood Serum of Normal Males 
The results are expressed in King-Armstrong units per 100 ce. 


Series 1 | Series 2° 
Total “Prostatic” | Total | “Prostatic” 
| phosphatase phosphatase | phosphatase | phosphatase 
| 
H 36 1.0 0.1 | 
Ss 40 1.0 | 0.1 | 1.0 0.1 
K 45 1.3 | 0.2 | 0.4 0.3 
R 40 1.6 | 0.1 
J 30 1.5 0.1 | 0.9 0.2 
ST 55 1.7 0.3 | 
C | 21 1.1 0.2 | 
Q | 99 1.1 0.1 0.7 0.2 
G | 2 0.7 0.1 
HE | 29 0.7 0.2 | 


* The data under Series 2 were collected at an interval of 1 month or so after the 
data of Series 1. 


ec. of “crystallized phenol” (Mallinckrodt analytical reagent). ‘Transfer 
25 ec. of this solution to a 250 cc. Erlenmeyer flask, add 50 cc. of 0.1 N 
sodium hydroxide, and heat to 65° on a hot-plate. To the hot solution, 
add 25 ec. of 0.1 N iodine solution; stopper the flask and let stand at room 
temperature for 30 to 40 minutes. Add 5 cc. of concentrated HC! and 
titrate the excess iodine with 0.1 N thiosulfate solution. Each ec. of 0.1 
iodine (cc. of iodine added minus cc. of thiosulfate used in titration) cor- 
responds to 1.567 mg. of phenol. On the basis of the titration data dilute 
the phenol solution with 0.1 N HCl] so that 1 cc. contains 0.01 mg. of 
phenol. 

0.2 m w-lartrate. 3.002 gm. of tartaric acid (c.p., Baker’s ‘‘analyzed”’ or 
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Merck’s “‘reagent’’; as supplied both are L(+ )-tartaric acid) are dissolved 
in 50 ce. of H2O. Add approximately 35 cc. of 1 N NaOH. Check and 
adjust pH to 4.9 and make up to 100 ce. Store in the refrigerator in a 
glass-stoppered bottle. 

Apparatus—Coleman junior spectrophotometer. 


TaB_e II 
Distribution of ‘Prostatic’? and Total Acid Phosphatase Values 


No. of male patients 


Units of “‘prostatic’’ phosphatase per 100 cc. serum 


0 0.2 0.3 oo | 
| | 
Series 1, No. of patients 3 | @ 3s ,; i 6 2 

2, 3 | 30 19 | | 4 | 
Units of total acid phosphatase per 100 cc. serum 
0.6-1.0 1.1-1.5 1.6-2.0 2.1-3.0 
Series 1, No. of patients ll 26 34 6 2 
2, ce 36 16 3 2 
No. of female patients ff 
Units of “‘prostatic”’ phosphatase per 100 cc. serum ‘ 
0 0.1 0.2 0.3 0.4 — 
Series 1, No. of patients 4 
2-4,* No. of patients 7 | is | 9 
Units of total acid phosphatase per 100 cc. serum 
06-10 | 1.1-1.5 1.6-2.0 2.1-3.0 
Series 1, No. of patients 2 21 | 24 | 5 | 4 
‘* 2+4,* No. of patients 4 7 | 10 | 7 | 4 


* A number of patients were studied on two, three, and sometimes four different 
occasions. Since these results were in the same range of activity, they have been 


grouped together. 


Procedure—Four digests are prepared in Pyrex test-tubes as follows: 
Digest A (serum blank), 10 cc. of H.O and 0.5 ce. of serum; Digest B 
(substrate blank), 9 ec. of buffer, 0.5 cc. of H,O, and 1.0 cc. of substrate; 
Digest C (total), 0.5 cc. of serum, 9 cc. of buffer, 1 cc. of substrate; Di- 
gest D (tartrate), 0.5 cc. of serum, 8 cc. of buffer, 1 ec. of 0.2 a7 L-tar- 
trate, and 1 cc. of substrate. In all of these, substrate was the last ad- 
dition. 

These are well mixed, stoppered, and Digests B, C, and D are first 
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brought to 38° in a beaker of water and are then placed in an incubator at 
38° and the time recorded. Digest A is treated with 4.5 ec. of phenol 
reagent and filtered after 15 minutes. The length of incubation time js 
variable: 0.5 hour for values expected to exceed 20 King-Armstrong units, 
1.0 hour for 6 to 19 units, and 3 hours for values expected to be lower 
than 6 units. The rate of hydrolysis is linear for periods of at least 3 
hours. At the end of the incubation period, 4.5 cc. of phenol reagent are 
added separately to Digests B, C, and D. These are filtered 15 minutes 
after mixing. 


III 


‘“‘Prostatic”’ and Total Acid Phosphatase in Serum of Patients with Metastatic 
Prostatic Cancer 


The results are expressed in units per 100 ce. 


Patient | Total serum acid phosphatase | **Prostatic’’ serum acid phosphatase 
A. W. | 11.6 | 10.2 
G. H. | 20.6 | 18.2 
A. C. | 6.8 | 4.0 
C. E. | 5.1 | 2.5: 
J. H. 32.2 | 27.9 
C. F. 46.1 42.2 
D. P. 8.8 7.1 
C.,* Jan. 4 | 16.8 | 15.0 
“Feb. 5 | 44 : 3.5 
1.8 | 1.3 
1.0 | 0.6 


* Patient C. was placed and maintained on stilbestrol therapy shortly after 
January 4, 1952. 


Color development results after adding 2.5 ec. of 20 per cent NasCO, to 
10 cc. of the filtrates of these four digests and incubating the mixtures 
at 38° for 5 minutes. With each day’s determination a standard phenol 
digest is prepared (2.0 cc. of standard phenol (0.01 mg. per ec.), 5 ce. of 
H,0, 3 ce. of phenol reagent) and a reagent blank (7 cc. of HO, 3 ec. of 
phenol reagent), and their colors are developed with 2.5 ce. of 20 per cent 
Na2CQ; so as to be read along with Digests A, B, C, and D. 

Immediately after the 5 minute interval, the optical density of each 
of these solutions is measured in a Coleman junior spectrophotometer at 
660 my after adjusting the machine to zero optical density with the re- 
agent blank. 

Calibration Curve—Standard solutions are prepared with increasing 
amounts of the phenol standard (0.01 mg. per ec.). Each tube, in addi- 
tion to the standard, contains 3.0 cc. of phenol reagent and water to 


1 


W. H. FISHMAN AND F. LERNER 


93 


To each tube are added 2.5 cc. of 20 per 
After 5 minutes incubation at 38°, the optical 
density is measured, as described above, including the incubated reagent 


adjust the volume to 10 ce. 
eent NaeCQOs; solution. 


Effect of u-Tartrate on Serum Acid Phosphatase with and without Added Prostatic 


Acid Phosphatase 


Serum acid phosphatase, units per 100 cc. 


**Pros- 
tatic”’ 
calcu- 
latedt 


Female patients 
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Male patients without cancer of prostate 
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TABLE I1V—Concluded 


Serum acid phosphatase, units per 100 cc. 


Patient | Serum +_ “Pros- “Pros. 
| Total ‘ctartrate | | | cae 
Patients with cancer of prostate 

C.,$Jan.21 | 28.2 | 18 | 2.4] 378 | 2.0 35.8 | 36.0 
July 3| 0.9 | 08 | 0.1 | wes 9.6 | 10.0 


* Highly purified human prostatic acid phosphatase (10,000 units per 100 cc.) was 
kindly supplied by Dr. Gerhard Schmidt. 0.2 ec. of a 1:200 dilution of acid phospha- 
tase was mixed with 1.8 cc. of serum. 0.5 cc. aliquots were assayed as described. 

+ These figures were obtained by subtracting from the value in the fifth column 
(serum + prostatic acid phosphatase) the value found for the same patient under 
the third column (+ L-tartrate). 

t Cancer of the breast with bone metastases. 

§ See foot-note to Table ITI. 


blank. The concentration of phenol is plotted against optical density to 
yield a straight line. This curve is readily reproducible. 

Calculation—The optical density obtained with Digests A, B, C, and D 
is substituted in the calibration curve to yield the amount of phenol in 
mg. present in each digest.” 


C mg. — (A mg. + Bmg.) 15 100 


(1) Hrs. of incubation 10 0.5 
D mg. — (Amg.+ Bmg.) _ 15 100 
— U t 100 ce. 
(2) Hrs. of incubation 10 si 0.5 


(3) T units — U units = units of “prostatic’’ acid phosphatase per 100 ec. serum 


The units defined here are equivalent to the number of mg. of phenol 
(IXing-Armstrong units) (4). Whenever possible, Digests B, C, and D 
have been analyzed in duplicate. 

EXPERIMENTAL 


Normal Male Subjects—Venous blood specimens were collected from 
volunteers between the ages of 21 and 55 years, and both total and ‘‘pros- 


27 represents total; U represents uninhibited serum acid phosphatase. 
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tatic’ serum acid phosphatases were determined in duplicate. Some 
months later, whenever possible, these determinations were repeated, 
yielding two series of analyses. The results are listed in Table I. 

Patients without Prostatic Cancer—These patients, male and female, hos- 
pitalized for chronic disease, including cancer, cardiovascular disorders, 
arthritis, diabetes, etc., were studied in the same manner as the normal 
male subjects (Table IT). 


TABLE V 
Comparison of Effect of Cu** and u-Tartrate Added to Serum on Acid Phosphatase 
Activity 
Acid phosphatase, units per 100 cc. serum 
Material 
Experiment No. Total Cu**-resistant* 
Purified prostatic acid _ 1 20.1 19.7 20.1 
phosphataset | 2 13.8 13.5 13.8 
Serum + prostatic acid — 1 30.6 26.7 29.7 
phosphatase 2 11.1 10.4 10.8 
3 | 11.1 10.5 10.5 
Serum 1 | 26.1 23 .0 23.9 
2 Rou 0.1 0.9 
3 0.8 0.2 0.7 
4 1.3 0.2 1.1 
| 5 1.6 0.3 1.2 
| 6 0.1 1.2 
| 7 | 1.5 0.1 1.5 
| 8 | 1.6 0.0 1.3 
| 9 | 0.8 0.0 0.8 
10 1.8 0.8 Be 
11 1.2 0.0 1.2 
| 12 0.7 0.1 0.7 


* Total acid phosphatase determination in the presence of 0.0002 m CuSO, final 
concentration. 
t See foot-note to Table IV. 


Patients with Prostatic Cancer—Values obtained on patients for total 
and ‘“‘prostatic”’ acid phosphatases are given in Table III. 

Effect of u-Tartrate on Serum Enriched with Prostatic Acid Phosphatase— 
These results appear in Table IV. 

Comparison of Effects of Cut* and i-Tartrate on Serum Acid Phospha- 
tase—See Table V. 


DISCUSSION 


The need exists for a method of determining selectively that portion of 
the serum acid phosphatase which is of prostatic origin. This is par- 
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ticularly important in the differential diagnosis of cancer of the prostate 
in patients exhibiting normal serum acid phosphatase values. 

Two factors mainly have been responsible for the existence of a cate- 
gory of serum acid phosphatase levels intermediate between those char- 
acteristic of healthy men and of patients with prostatic cancer. One is 
the phenomenon of hemolysis, which, however slight it may be, enriches 
the serum with erythrocyte acid phosphatase. The other is the failure 
to correct for a certain degree of spontaneous hydrolysis, which the sub- 
strate, phenyl phosphate, depending on its purity, may undergo during 
the incubation of the serum digest. In the past, these difficulties have 
been overcome separately by the formaldehyde inhibition of erythrocyte 
acid phosphatase (5, 6) and by the use of suitable substrate controls in the 
assay procedure (2). 

The method described in this paper is expected to contract markedly 
the range of clinically equivocal values for serum acid phosphatase and, 
in addition, to permit a reasonably reliable estimation of concentration 
of serum acid phosphatase of prostatic origin. Thus, L-tartrate has been 
found (1) to inhibit prostatic and not erythrocyte acid phosphatase, and 
hence the factor of hemolysis becomes unimportant. The extent of spon- 
taneous hydrolysis of the substrate is measured and suitable corrections 
are made, as described by Benotti ef al. (2). Both of these advantages 
have been incorporated in the present method. 

The view that, in males, the serum acid phosphatase inhibited by L- 
tartrate is most probably of prostatic origin is based on the following 
observations. (1) Solutions of purified human prostatic acid phospha- 
tase were almost completely inhibited by 0.02 M L-tartrate (1) (see also 
Table V, this paper). (2) All patients with active cancer of the prostate 
showed a high proportion of ‘prostatic’? phosphatase in their sera. (3) 
L-Tartrate inhibited invariably ‘‘prostatic’’ phosphatase of the patients’ 
sera, as Well as added purified prostatic acid phosphatase (Tables III and 
IV). This was true in all thirty-nine patients studied with or without 
cancer of the prostate. (4) In patients with cancer of the prostate in 
which the disease had become activated,’ the ‘‘prostatic’’ acid phosphatase 
component of the serum increased progressively to high levels, forming an 
increasingly greater proportion of the serum acid phosphatases. 

In chronically ill subjects without evidence of cancer of the prostate, 
as well as in healthy men, uniformly low serum ‘‘prostatic’’ phosphatase 
values were found. It would appear that the majority of these subjects 
show 0.1 to 0.3 units per 100 cc. of serum “prostatic” enzyme, 0.5 unit 
per 100 cc. representing the upper limit of normal in this series. 

It is not surprising to find that small amounts of ‘‘prostatic’’ phospha- 


3 Fishman, W. H., and Homburger, F., unpublished data. 


W. H. FISHMAN AND F. LERNER 97 


tase are present in the sera of women, since acid phosphatase arising from 
tissues other than prostate (1) is inhibited by tartrate. It is clear that a 
much larger percentage of women than men show no trace of ‘“‘prostatic”’ 
enzyme. Moreover, the large number of heterogeneous patients studied 
in this paper has failed to reveal a single disease entity, other than pros- 
tatic cancer, which is associated with an elevated ‘“‘prostatic’’ phosphatase 
in serum. It would appear reasonable to assume, therefore, on the basis 
of the present evidence, that an elevated serum ‘‘prostatic’’ phosphatase 
in male subjects is indeed of prostatic origin. 

Although the results obtained in the presence of Cut* (Table V) agreed 
well with the ‘‘prostatic’’ phosphatase figures at high serum acid phos- 
phatase values, poor agreement was seen in low phosphatase sera. Ac- 
cordingly, attempts to utilize the action of Cut* for selectively estimating 
serum acid phosphatase of prostatic origin were abandoned. 


SUMMARY 


A method is described which measures the extent of inhibition of serum 
acid phosphatase by L-tartrate. Experimental evidence is presented which 
supports the view that, in male subjects, the greatest part of this inhib- 
ited fraction of serum acid phosphatase is most likely of prostatic origin. 
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INCORPORATION OF C#-AMINO ACIDS INTO GLUTATHIONE 
AND PROTEIN FRACTIONS OF NORMAL AND DIABETIC 
RAT TISSUES* 


By M. E. KRAHL 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missour?) 


(Received for publication, July 17, 1952) 


In severe diabetes there is loss of tissue protein with negative nitrogen 
balance; the concentration of amino acids in the blood is high (1). Con- 
versely, administration of insulin favors removal of amino acids from 
plasma of human subjects (1, 2), normal rabbits (2), normal and evis- 
cerated dogs (3, 4, 5), and normal and eviscerated rats (2,6). It has been 
repeatedly suggested on the basis of such experiments that insulin causes 
a net increase in peptide synthesis, but direct experimental support for 
this view has hitherto been lacking. 

The present experiments were undertaken to inquire further into the 
manner by which insulin influences amino acid metabolism and, in par- 
ticular, to determine whether or not an effect of insulin on peptide syn- 
thesis could be demonstrated in excised tissues of normal and diabetic 
animals. 

Incorporation of radioactive glycine-1-C"™ into glutathione by liver slices 
from normal and diabetic rats was measured. Glutathione was chosen as 
the peptide for study for a number of reasons: first, it is readily crystal- 
lizable as the cuprous salt; second, it may have a function in transpeptida- 
tion and protein synthesis (7-9); and, third, it can be formed in homogenates 
and extracts of liver (10-12); thus observations on slices can readily be 
extended to cell-free fractions. 

In addition, incorporation of radioactivity from glycine-1-C and pheny!l- 
alanine-3-C into a protein fraction of liver and of diaphragm from normal 
and diabetic rats was determined 7n vitro. 


Methods and Materials 


Animals—Male 100 to 150 gm. Sprague-Dawley rats were used. They 
were maintained under the conditions previously described (13). 

For production of diabetes, rats were fasted for 24 hours, then injected 
intravenously with 50 to 60 mg. per kilo of alloxan monohydrate as a 5 
per cent solution in water. After injection, rats were returned to the 


* This investigation was supported in part by a research grant from Eli Lilly and 
Company. 


99 


t 
| 


100 PEPTIDE SYNTHESIS IN DIABETES 


stock diet with water to drink.! Diabetic rats were subsequently handled 
in one of two ways. On one regimen, they were fasted from the 120th 
to the 168th hour after alloxan injection, and blood sugars then deter- 
mined. The rats were immediately sacrificed in the fasting state. On 
the second regimen, diabetic rats were given 4 units of protamine zinc 
insulin (Lilly) subcutaneously every 2nd day, beginning 48 hours after 
alloxan injection. Insulin was withdrawn at least 5 days prior to sacrifice; 
the rats were fasted for a further 48 hours and used as before. 

Procedure for Handling Tissue—Krebs-Henseleit bicarbonate medium 
(14) was used as the suspension medium throughout; this contained no 
glucose except as specifically stated below. All tissues were kept at 5- 
10° in this medium until the incubation was begun. 

Rats were killed and the diaphragms transferred to 10 ml. of medium and 
left to soak 20 to 30 minutes at 5° (15). The liver was removed, cut into 
blocks, and kept in the chilled medium during slicing, which began im- 
mediately. Slices were transferred, as prepared, to a beaker containing 
cold medium agitated gently by a stream of 95 per cent O2-5 per cent 
CO.2; approximately 10 ml. of medium were used per 1 gm. of slices. 
Tissues were blotted lightly, weighed on a torsion balance, and transferred 
to the incubation bottles, which were approximately 34 xX 80 mm. in 
size, with screw caps. The bottles for incubation of liver received 5 ml. 
of medium containing, except for the experiments of Table III, 3 mg. per 
ml. of non-labeled glutathione; 1.0 gm. of liver slices was added to each 
bottle, followed by a solution of the labeled amino acid in 200 c.mm. of 
water. The bottles for incubation of diaphragms received 1 ml. of medium 
without glutathione; to each, two hemidiaphragms were added, followed 
by a solution of the labeled amino acid in 40 c.mm. of water. When indi- 
cated, 10 e.mm. of insulin solution in water were added to give a final 
concentration of 0.1 unit per ml. in the incubation medium; except as 
specified, insulin was prepared by dilution of the commercial Lilly product.’ 
For tests of insulin effects in vitro, tissues from two rats were pooled, ali- 
quots being apportioned to the individual incubation vessels. Incubation 
was for 2 hours in a Dubnoff metabolic shaker (16) at 37°; the shaking 
rate was 140 cycles per minute at an amplitude of 3.5 em. The glycine 
uptake was found to be sharply dependent on shaking rate, which must be 
carefully controlled to obtain optimal reproducibility of results. 

Upon conclusion of incubation, 5 ml. of cold 10 per cent trichloroacetic 
acid were added to each bottle, and the whole sample then immediately 
frozen to be worked up later as described below. 


1 The author is indebted to Dr. C. R. Park and Dr. J. Bornstein for a number of 
diabetic rats. 

2 The insulin was prepared by dilution with water of commercial U-80 Lilly Iletin 
(Lot 0074-538481), a preparation from zine insulin crystals. 
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The frozen sample was allowed to soften, transferred to a mortar, ground 
to a slurry, and transferred to a centrifuge tube with the aid of 5 ml. of 
cold 10 per cent trichloroacetic acid. The suspension was centrifuged, 
both supernatant fluid and sediment being saved. The sediment was 
washed with 5 ml. of trichloroacetic acid, and the wash fluid pooled with 
the initial supernatant fraction. These supernatant and sediment frac- 
tions were further treated as described below. 

Isolation of Crystalline Cuprous Glutathione—Cuprous glutathione was 
isolated (7, 17) from the pooled supernatant and wash fluids obtained from 
liver slices. To avoid loss of product from excess CuO, the precipitation 
of cuprous glutathione was carried out in the tube of a Klett-Summerson 
colorimeter, nephelometric readings being taken after each addition of 
Cu.O to ascertain the point of optimal precipitation. The cuprous glu- 
tathione was washed four times with 0.5 Nn H»SO,, four times with water, 
twice with ethanol, and plated on copper from ethanol. About 5 mg. were 
ordinarily isolated from each incubation sample containing initially 15 
mg. of carrier glutathione and 1.5 mg. of endogenous glutathione of liver 
(10). Glutathione formed from C'-glycine by liver has been found to 
contain isotopic carbon only in the glycine moiety (10). 

Preparation of Protein Fractions from Liver and Diaphragm—The sedi- 
ment obtained from liver or diaphragm by two passages through trichloro- 
acetic acid as described above was further treated for 10 minutes in hot 
5 per cent trichloroacetic? acid and centrifuged. The sediment from 
two hemidiaphragms or from 0.5 gm. of liver slices (7.e. from half the 
incubated slices) was dissolved in 5 ml. of 88 per cent formic acid (Merck), 
1 ml. of 30 per cent HO, added, and the mixture allowed to stand 30 to 
40 minutes at 25-30°. 10 volumes of 5 per cent trichloroacetic acid were 
added; the resulting precipitate was collected by centrifugation, washed 
three times with water, twice with ethanol, once with ether, and dried at 
60°. The products were ground to a powder and plated on copper from 
75 per cent petroleum ether-25 per cent ethyl ether.t| The products ob- 
tained in this manner will be referred to as protein fractions without im- 
plying that all the radioactivity is present as amino acids in peptide link- 
age. Only 3 to 14 per cent of the labeled carboxyl of glycine-1-C™ found 


3 Fach of a number of samples of cuprous glutathione was divided into two parts, 
one part being washed four times with 0.5 n H2SO, containing 0.01 N non-labeled 
glycine and the other with 0.56 n H.SO,. The radioactivity of the final products of 
the two methods of washing was the same. Similarly, when the protein precipitates 
of liver or diaphragm were washed with hot trichloroacetic acid containing 0.01 m 
non-labeled glycine, the final radioactivity in the protein fraction was the same as 
that when trichloroacetic acid alone was used. 

*The author is indebted to Dr. Melvin Simpson for suggesting this suspension 
medium, which has yielded more satisfactory plates of the protein fractions than any 
other tried. 
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in a similar protein fraction of liver homogenates was liberated by nin- 
hydrin (18). 

The performic acid treatment was used for the purpose of reducing the 
proportion of radioactive amino acids attached to the protein chain through 
—S—S— groups (18, 19). To determine the effect of this treatment, 
control experiments were run in which the sediment insoluble in hot tri- 
chloroacetic acid was divided into two parts, one part being treated with 
performic acid and the other not. After performic acid, there was 80 to 
110 per cent recovery of the radioactivity contained in the trichloroacetic 
acid-insoluble fractions of normal or diabetic liver and diaphragm. 

Counting Procedures; Radioactive Amino Acids—Counting was carried 
out either with an end window tube (Tracerlab, mica, 1.9 mg. per sq. cm.) 
having a background of about 25 c.p.m. and an efficiency of approximately 
17 per cent under the conditions used, or with a gas flow proportional 
counter having a background of about 28 ¢.p.m. and an efficiency of ap- 
proximately 52 per cent (Nuclear Measurements Corporation, model PCC- 
10 with 10 per cent methane, 90 per cent argon). The counting times were 
sufficient to give an error of 3 per cent or less. All counts are expressed 
as counts per minute per mg. of sample referred to the end window tube 
and corrected for self-absorption according to the data for wax (20). 

For counting, samples 2 cm. in diameter were deposited on copper as 
described above; they contained 2 to 5 mg. of cuprous glutathione or 15 
to 40 mg. of a protein fraction. Glycine-1-C™ and pi-phenylalanine-3-C" 
were purchased from Tracerlab, Inc.; they were stated by the manu- 
facturer to have activities of 1 and 0.5 me. per mm, respectively. The 
amounts of radioactivity added to the incubation medium were as fol- 
lows: glycine-1-C™, 0.2 mg. (1 X 10° ¢.p.m.) per 5 ml. of medium for 
liver and 0.04 mg. (0.2 X 10° ¢.p.m.) per 1 ml. of medium for diaphragm; 
phenylalanine-3-C" hydrochloride 1.0 mg. (0.9 & 10® c.p.m.) per 5 ml. 
of medium for liver and 0.2 mg. (0.18 & 10® c.p.m.) per 1 ml. of medium 
for diaphragm. 


Results 


Amino acid incorporation was found to depend upon at least two mu- 
tually interdependent factors: the availability of glucose in the incubation 
medium and the insulin level in the tissues. | 

Effect of Fasting upon Glycine-1-C'* Uptake by Normal Tissues—In the 
first series of experiments (Table I) uptake of glycine-1-C™ radioactivity 
was compared in tissues from non-fasting and fasting normal rats. When 
the tissues were incubated in medium without added glucose, uptake was 
less for tissues of fasting than for those of non-fasting animals; this decrease 
in uptake was largely overcome by the addition of 140 mg. per cent glucose 
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to the medium (Table I, Experiments 8 and 9). In the experiments of 
Table I insulin, 0.1 unit per ml. added in vitro, produced a significant in- 
crease only with diaphragms from the non-fasting normals, raising the 


TaBLeE I 
Radioactivity of Glycine-1-C'* Incorporated into Liver Glutathione and into Protein 
Fractions of Liver and Diaphragm from Normal Rats 
Carrier glutathione was present at a concentration of 3 mg. per ml. during incuba- 
tion of liver slices. No glucose was added to the incubation medium except in 
Experiments 8 and 9. 


Radioactivity incorporated, c.p.m. per mg. 


Cuprous from Liver protein fraction Diaphragm protein fraction 


No insulin | Insulin added No insulin | Insulin added} No insulin | Insulin added 
added in vitro added in vitro added in vitro 


Non-fasting rats 


3240 3620 146 48 69 
2 2450 2570 | ~—«:125 106 45 67 
3 2830 3640 104 107 62 69 
4 4310 4270 | 141 150 56 73 
Mean 3208 «3525 | 138 127 | 53 70 


5 895 1150 36 32 29 


29 

6 1140 1030 51 46 43 53 
7 1170 1110 43 45 27 47 
Mean 1068 1097 43 41 33 43 
8* 2430 1830 79 70 69 64 
Ot 2680 2480 114 99 72 73 


* The medium in Experiments 8 and 9 contained 140 mg. per cent of glucose. 
+t The insulin employed in this experiment was a sample (Eli Lilly and Company, 
Lot T-2536) having a very low content of hyperglycemic factor. 


incorporation from 53 to 70 c.p.m. per mg. The probability of this differ- 
ence arising by chance, as calculated by the Fisher procedure for small 
numbers, is 0.003. 

Diabetes and Amino Acid Uptake—Glycine-1-C™ uptake by tissues from 
fasted diabetic rats was first measured in medium without added glucose 
(Table II). Incorporation into the various fractions was reduced to levels 


| 
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Fasting rats 
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substantially below the fasting normal rate; addition of 0.1 unit of insulin 
per ml. zn vitro did not restore the incorporation of glycine-1-C"™ radioac- 
tivity to normal. It must be emphasized that these rats were used 7 days 
after the last dose of insulin. Rats used at shorter times after the initial 


TABLE II 
Radioactivity of Glycine-1-C'4 Incorporated into Liver Glutathione and into Protein 
Fractions of Liver and Diaphragm from Fasted Diabetic Rats 


Carrier glutathione was present at a concentration of 3 mg. per ml. during incuba- 
tion of liver slices. No glucose was added to the incubation medium except in 


Experiment 9. 


Radioactivity incorporated, c.p.m. per mg. 


| 
| _No Insulin | No Insulin 
_ insulin added insulin added insulin | added 
added = invitro added im vitro vitro 
mg. per cent | | | | 
1 110 | 397 | 11 
2 135 . 250 | 9 32 
3 143 30 30 
4 176 620 | 24 20 
5 224 485 | 16 22 
6 282, 294* 632 598 36 
7 287 435 | 15 18 
8 434 583 31 22 
| | 
Mean, Experi- | «bol | 23 | | 21 
ments 4-8 | | | | | 
of 502,530" 1480-24055 78 | | 130 


* When two blood sugar values are given, two rats were used. 
t Glucose, 140 mg. per cent, was added to the incubation medium. 


alloxan injection or insulin withdrawal were found to yield tissues with 
amino acid uptake nearer the fasting normal level. 

The separate effects of glucose and of insulin are demonstrated in Ex- 
periment 9 (Table II). Glucose alone, 140 mg. per cent in the medium, 
raised incorporation into liver glutathione and protein; with glucose at 
this concentration, insulin raised glycine-1-C' uptake still further, in fact 
to approximately the normal value for the glutathione fraction. With 
diabetic diaphragm the principal effect under these conditions was pro- 
duced by glucose alone, although insulin had a slight further effect (Table 
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II).6 This experiment, incidentally, rules out the possibility that de- 
fective amino acid uptake by liver slices from diabetic rats is associated 
merely with central necrosis or other non-specific damage caused by al- 
loxan. 

Measurements on liver from normal and diabetic animals were also 
carried out without carrier glutathione present during incubation; 15 mg. 
of carrier glutathione were added to each bottle with the trichloroacetic 
acid precipitant at the end (Table III). The differential between rates of 
glycine-1-C'* uptake by normal and diabetic tissues was nearly the same 


TABLE III 
Radioactivity of Glycine-1-C'* Incorporated into Liver Glutathione and Protein 
Fractions of Liver from Normal and Diabetic Rats 
Carrier glutathione was added at the end instead of atthe beginning of incubation, 
as in the experiments of Tables I and II; the conditions were otherwise the same. 


Radioactivity incorporated, c.p.m. per mg. 


Experiment No. 


| 


Cuprous glutathione from liver | Liver protein fraction 


Non-fasting normal rats 


1 | 1620 | 146 

2 1630 | 175 
Fasting diabetic rats 

3 | 342 | 44 


4 475 | 34 


under these conditions as that when carrier glutathione was present during 
incubation (Tables I and II). Glycine-1-C™ incorporation into glutathione 
was larger when carrier glutathione was present throughout, possibly be- 


5 Experiments were also made with tissues from non-fasting diabetic rats. Since 
these animals had blood sugars of 600 mg. per cent or more, there was a substantial 
carry over of tissue glucose into the incubation medium, thereby obscuring the full 
effect of the diabetic state. In general such tissues gave results comparable with 
those obtained when tissues from fasted diabetics were incubated in 140 mg. per cent 
glucose. For example, glycine-1-C' incorporation into glutathione by liver from 
non-fasting diabetic rats was in a given instance 1220 ¢c.p.m. per mg. without added 
insulin and 3110 c.p.m. per mg. with 0.1 unit of insulin per ml. in vitro. Incorpora- 
tion of glycine-1-C™ into the protein fraction by diaphragms of non-fasting diabetic 
rats in medium without added glucose was increased to an optimum of 204 ¢.p.m. 
per mg. by injection of 5 units of regular insulin and 5 units of protamine zine insulin 
10 hours before sacrifice of the rats. Under these circumstances glycine ineorpora- 
tion by the liver fractions was not in excess of the normal values. 
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cause in this case there was more glutamylcysteine available for reaction 
with the glycine-1-C". 

Glycine-1-C'* Uptake by Normal and Diabetic Tissues in Relation to Size 
of Glycine Pool—Glycine-1-C™ incorporation into liver glutathione, liver 
protein, and diaphragm protein was also measured with a greatly increased 
glycine pool. The total glycine added to the medium was 0.02 o, 40 times 
that used for experiments of Tables I to III; the total radioactivity added 
to the medium was increased from 2 X 105 to 2 * 10° ¢.p.m. per ml. 
In two experiments with non-fasting normals, the mean values for radio- 
activity incorporated were as follows: liver glutathione, 2975 c.p.m. per 
mg.; liver protein fraction, 164; diaphragm protein fraction, 49. ‘The 
corresponding respective mean values for two experiments with fasting 
diabetic animals were 684, 42, and 16. The depression in glycine-1-C" 
uptake with 0.02 m glycine was thus nearly the same on a relative basis as 
that when only 5 X 10-4 mM glycine was added to the medium. If it is 
assumed that the rate of total glutathione synthesis is the same at the 
two glycine concentrations and that the uncombined glycine of the tissue 
exchanges freely with that of the medium, two conclusions can be drawn. 

The first concerns the amount of free glycine in the liver. It will be 
noted that, for both normal and diabetic tissues, the uptake of radioac- 
tivity is approximately the same as 0.02 and 0.0005 glycine, although the 
specific activity of the glycine at 0.02 M is only one-fourth that at 0.0005 
M. This result can be accounted for by a pool of 1 X 10~ mole of glycine 
per gm. of liver tissue when the concentration in the medium is 0.02 m, 
and 2 X 10-° mole when the concentration in the medium is 0.0005 M. 
These estimates of the tissue glycine pool agree very closely with those 
determined by direct analysis of guinea pig liver (21) at similar extra- 
cellular glycine concentrations. 

The second conclusion is that the decrease in glycine-1-C"™ incorpora- 
tion into glutathione which is observed in diabetes cannot be due solely 
to increased liberation of glycine from tissue protein into the glycine 
pool, since uptake is decreased to the same degree with widely different 
pools of glycine. The decreased uptake in diabetes must therefore be 
attributable in substantial degree to decreased peptide synthesis. Some 
increase in liver protein breakdown is not excluded. Hoberman (22) cal- 
culated, on the basis of changes in excretion of urinary-labeled nitrogen, 
that in the intact diabetic rat the rate of transformation of amino acids 
to protein was decreased about 50 per cent and the rate of liberation of 
amino acids from protein was increased by about 30 to 40 per cent. In- 
corporation of methionine-S** into a muscle protein fraction by eviscerated 
dogs was reduced in diabetes (23). 

Phenylalanine-3-C“% Uptake by Normal and Diabetic Tissues—Since gly- 
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cine is readily converted by liver to other products, especially serine, which 
might appear in the protein fraction, it was of interest to measure incor- 
poration of phenylalanine-3-C" into protein fractions of normal and dia- 
betic tissues under the same conditions as specified for glycine in Tables 
[and II. Mean values for two experiments with tissues from non-fasting 
normal rats were, for liver protein fraction, 164 c.p.m. per mg., diaphragm 
protein fraction, 48. The corresponding respective mean values for tissues 
from two fasting diabetic rats with fasting blood sugars 270 and 466 mg. 
per cent, were, for liver protein, 51, diaphragm protein, 23. The reduction 
in phenylalanine uptake for the diabetic tissues was thus approximately 
the same as for glycine-1-C%. 

Insulin, 0.1 unit per ml., added in vitro did not stimulate uptake of 
phenylalanine-3-C™ by liver or diaphragm under these conditions. 


DISCUSSION 


These experiments indicate that there is a direct dependence of gluta- 
thione synthesis in liver slices upon availability of carbohydrate metabolic 
intermediates, and that a large part of the influence of insulin on peptide 
synthesis in liver is exerted via its effect on glucose utilization. In livers 
from fed animals, in which the glycogen content is about 3 per cent,® gluta- 
thione synthesis is optimal and not significantly increased by addition of 
glucose or insulin to the medium. In livers from fasting animals, in which 
initial glycogen is about 0.1 per cent, peptide synthesis is reduced, but re- 
turned to normal merely by addition of glucose to the medium. In livers 
from fasting diabetic animals, in which initial glycogen may be as low as 
0.05 per cent, and glucose uptake is subnormal (25), glutathione synthesis 
is lower than in the fasting normal rat and not restored by addition of 
glucose alone or insulin alone to the medium; both must be added. But 
if the fasting diabetic rat is given 10 units of insulin and then fed for a 
number of hours prior to sacrifice, its liver regains in part its ability to 
synthesize glutathione in vitro without addition of glucose or insulin to 
the medium; for example, when livers from diabetic rats given insulin 4 
and 10 hours previously were incubated with 0.0005 mM glycine-1-C", values 
of 1400 and 1700 ¢.p.m. per mg., respectively, were obtained for the cu- 
prous glutathione; the mean value for the untreated diabetics was 551. 

The extent to which response of the diabetic liver to glucose or insulin 
in vitro depends on the severity of the diabetes has not been fully explored. 


6 Sutherland and Cori (24) found that liver from fed rats liberates glucose in vitro 
at a rate of about 10 mg. per gm. per hour, which is enough to give in the present 
experiments a concentration of 200 mg. per cent in the medium after 1 hour. This 
level is sufficient to give continuous resynthesis of the required metabolic interme- 
diates. 
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It is possible that in severe long standing diabetes secondary changes occur 
which require several hours or days for repair under the influence of insulin, 
These and related points require further investigation. 


SUMMARY 


1. Incorporation of glycine-1-C' into glutathione and protein by rat 
liver slices is reduced in severe diabetes. Addition of glucose to the in- 
cubation medium in vitro raises incorporation toward the normal level and 
the further addition of insulin restores incorporation completely to normal. 
In the absence of added substrate, insulin alone has no effect on amino acid 
uptake by diabetic liver. 

Incorporation of glycine-1-C into a protein fraction of rat diaphragm 
is also reduced in diabetes. This can be raised to, or even above, the 
normal level by addition of glucose to the incubation medium in vitro; 
under these circumstances insulin has little further effect. 

Amino acid uptake in vitro by liver and diaphragm of normal rats is 
reduced by previous fasting. This defect, in contrast to that in the 
diabetic tissues, is overcome merely by addition of glucose to the incubation 
medium, no insulin addition being required. 

2. Incorporation of phenylalanine-3-C" into liver and diaphragm protein 


fractions is depressed in severe diabetes to approximately the same degree 


as for glycine-1-C. 

3. The depression of glycine-1-C'* uptake into glutathione, which is 
associated with diabetes, remains relatively the same when the glycine 
concentration in the incubation medium is increased by a factor of 40. It 
is concluded that this decrease in incorporation of glycine-1-C™ in dia- 
betes is attributable in large part to decreased peptide synthesis. A 
limited concurrent increase in protein breakdown in the diabetic is not 
excluded. 


Addendum—While this paper was in proof, Sinex, MacMullen, and Hastings (26) 
reported that insulin enhances C'-alanine incorporation into the protein of dia- 
phragms from non-fasted normal rats under conditions similar to those given in 
Table L. 
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DISTRIBUTION OF IODIDE BETWEEN CELLS AND 
PLASMA AS MEASURED BY MEANS OF 
RADIOACTIVE IODIDE 


By CHARLES A. OWEN, Jr., anp MARSCHELLE H. POWER 


(From the Sections of Clinical Pathology and Biochemistry, Mayo Clinic, 
Rochester, Minnesota) 


(Received for publication, July 28, 1952) 


Seott, Reavis, Saunders, and White (1) have proposed a method of 
evaluating thyroidal function which depends upon knowledge of the dis- 
tribution of iodide between erythrocytes and plasma in the blood. Their 
proposal is based upon the statement that the ratio Cl.,Clp, = I./Ip = 0.5, 
where the subscripts c and p refer to cells and plasma, respectively. Ear- 
lier, Rall, Power, and Albert (2) had indicated that the iodide-131 ratio 
between cells and plasma was 14 per cent higher than the chloride ratio; 
ie., 0.67 as compared with 0.59. Since other investigations also have 
suggested differences in cell-plasma distribution of the various halides 
(Table I), a further analysis of the problem was undertaken. 


Method 


Venous blood was withdrawn from 110 men and women. Each sample 
was placed in a 50 ml. Erlenmeyer flask containing 1 or 2 mg. of heparin, 
depending upon whether 10 or 20 ml. of blood were withdrawn, and the 
flask was immediately stoppered. Within 1 hour, 0.1 ml. of aqueous 
solution! of NaI-131 (0.5 to 1.0 ue.) was added; specimens which contained 
I-131 in forms other than iodide, as determined chromatographically, 
were rejected. After brief mixing, aliquots of the whole blood were re- 
moved for determination of chloride (in duplicate), counting of radio- 
activity (in duplicate), and determination of hematocrit value (in du- 
plicate). The Wintrobe hematocrit tubes were stoppered and centrifuged 
60 minutes at 2200 * g. The remainder of the blood was lightly cen- 
trifuged in order to obtain plasma for determinations of both chloride and 
radioiodide. Volumetric measurements were made with precision pipettes 
of the Krogh-Keys syringe type. 

The I-131 was measured in a Texas company y-ray well type counter 
with a sensitivity of 870 c.p.s. per ue. under the conditions of use; the 
chloride was determined by the Keys micromethod (27). Hematocrit 
values, which included buffy coats, were corrected for 4 per cent trapping 
of plasma? by multiplying the observed values by 0.96. The pH of several 


1 Obtained by authorization from the Atomic Energy Commission. 
? Based on unpublished experiments. 
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TABLE I 
Distribution of Halides between Erythrocytes and Plasma of Blood 


| 


Halide in cells 
Halide in plasma 


Bibliographic reference Animal Determinations 
| | Based on Based on 
| | volume PA 

Warburg (3) Horse | 4 6. 0.76 
| | 3 6. (0.66 
| | 3 
| 7. 

Wu (4) 20 0.50 

Van Slyke, Wu, Horse 3 7.1 0.56 0.80 

and McLean 4 7.4 0.49 0.70 
(5) 3 PF | 0.42 0.60 
Henderson and co- Man 1 (Arterial) 0.51 
workers (6) 1 (Venous) 0.54 
Gram (7) Man 6 0.55 
Van Slyke and co-| Horse 5 7.0-7.1 0.62 0.78 
workers (8) 7 7.3-7.4) 0.55 0.69 
5 7.5-7.6 0.50 0.63 

Vladesco (9) Horse 2 0.55 

Cameron (10) | Man 18 0.49 

Bock and co-  ‘ 5 7.2-7.3) 0.53 

workers (11) | 5 7.4-7.5 0.48 
Henderson and Man 1 (Normal) 0.46 
coworkers (12) | 1 (Nephritic) 0.71 
Hastings and van Dog 0.50 
Dyke (13) | | 2.00 
Dill and coworkers Man | 1 0.46 
(14) | | 

Cameron (15) 0.50 

Hastings and co- | ote | 9 0.51 0.73 

workers (16) | | 

Hastings and van Dog | 10 0.48 0.68 

Dyke (17) | | 4 0.51 0.72 
van Dyke and Dog | 0.49-1.42 0.70-2.10 
Hastings (18) | | 
Woodhouse and _ Sheep 0.99* 
Pickworth (19) 1.00* 
Guillaumin and Man | g 0.36 
Merejkowsky (0.23-0.60) 
(20) | | 
Mason (21) Dog | «<6 0.49 0.70 
| | | § 0.75 
| | § 0.51 0.73 
| | 5 0.56 0.80 
Wallace and Bro- Cat | —+1.0t | 
die (22) Dog | 0.95T 
Rabbit 0.93t 
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TaBLE I—Concluded 


Halide in cells 
Halide in plasma 


Bibliographic reference | Animal | Halide —-dDetterminations pH 
| | | Based on | ae 
| | volume | content 
Wallace and Bro- Dog | 1 0.56 0.80 
die (23) | Br 1 | 0.57 0.81 
Weir and Hast- Dog Cl 10 0.50 0.72 
ings (24) | Br 10 60.53 0.76 
Rall, Power, and Man Cl 10 | 0.59 0.84 
Albert (2) | I-131 10 60.67 0.96 
Scott and co- Man | | 
workers (1) | | | | 
Boatman and Rat 5 | 60.57 | 
Moses (25) | | 
Berson and co- Man | (0.59 
workers (26) | | | 
Owen and Power 72 | 7.5 —60.515 
1-131 | 7.5 0.565 


* Cells washed with physiologic saline solution. 
Cliariea blood) Lidried blood) 


t Ratio ; 


of the samples of blood, as measured with a glass electrode, was within 
0.1 unit of pH 7.5. 

The halide in the erythrocytes was calculated as (whole blood halide 
(B) — plasma halide (P) X plasma fraction) erythrocyte fraction. This 
value, per unit volume, divided by the plasma halide, per unit volume, 
gives the ratio of cell halide to plasma halide. Simplified, this becomes 
(halide./halide,) = B/(P XK H) — 1/H + 1, where H is the packed cell 
volume expressed as a fraction of 1. 


Results 


The 110 samples of blood were analyzed for chloride or iodide-131, or 
both: 99 for iodide-131 and 72 for chloride, including 61 samples upon 
which both determinations were made (Table II). The mean ratio of 
cell to plasma chloride for the entire group was 0.515, the mean ratio of 
cell iodide-131 to plasma iodide-131 was 0.565; the chloride ratios ranged 
from 0.45 to 0.57 and the iodide-131 ratios from 0.49 to 0.66. Of the 61 
samples on which both chloride and iodide-131 were determined, the 
iodide-131 ratios exceeded the chloride ratios in 55, the ratios were iden- 
tical in three, and the iodide-131 ratio was the lower in three (0.53:0.54, 
0.54:0.56, and 0.54:0.55). 
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Table III indicates the sensitivity of the halide distribution ratios to 
aeration or exposure of the blood to carbon dioxide. 

The iodide-131 ratio for erythrocytes washed and suspended in 0.9 per 
cent saline solution containing NalI-131 was 1.0, agreeing with the ob. 
servations of Woodhouse and Pickworth (19) for chloride and bromide. 


TABLe II 


Summary of Observed Cell-Plasma Ratios for Chloride and Radioactive Iodide (1-131) 
in Heparinized Human Blood 


Differ- «  Differ-  ¢ 
Halide Mean of paired series* ence of —— Mean of entire seriest ence of ~ a 
means | means 


Chloride...... 0.5172 + 0.0034 0.5149 + 0.0052 — 
0.042 0.0051 0.0047 
—6©0.5592 + 0.0038 0.5653 + 0.0035 


* 61 samples of blood. 
t 99 samples for iodide-131; 72 for chloride. 


TaB.e III 


Effect of Large Shifts of Carbon Dioxide Tension on Distribution of Halide between 
Cells (c) and Plasma (p)* 


After exposure 


| Standard technique After aeration to COs 
0.49 | om 
1-131, | 
0.5 0.50 0.79 
Hematocrit reading, %............ 47.6 47.3 51.7 


* Heparinized human blood was divided into three portions after addition of 
Nal-131; air was bubbled through one aliquot for 5 minutes and carbon dioxide 
through a second aliquot for 5 minutes, while the third aliquot remained untreated. 


DISCUSSION 


The observed ratio of erythrocyte chloride to plasma chloride agrees 
well with most published data. It is clear, however, that there is no single 
correct ratio, for the chloride shift of the blood is so sensitive to carbon 
dioxide change, as recognized by Nasse (28) in 1878 and subsequently by 
Hamburger (29) and by von Limbeck (30), that the ratio depends upon the 
method of blood collection; ¢.e., method, time and temperature of storage, 
prevention of carbon dioxide loss, etc. Thus, with our particular tech- 
nique, adhered to rather rigidly, the ratio of cell to plasma chloride was 
found to be 0.515. With the same technique, in fact usually with the 


to 
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same sample of blood, the ratio of cell iodide-131 to plasma iodide-131 
was found to be 0.565, giving a difference of 0.05, which is about 10 times 
the standard error of the difference. 

The iodide-131 ratio was 9 per cent higher than the chloride ratio, ac- 
cording to our data; Rall and coworkers (2) found a disparity of 14 per 
cent. Published studies in regard to iodide or bromide (Table I) also 
suggest that the chloride ratio is slightly less than that of other halides. 


SUMMARY 


The distribution of chloride and of added iodide-131 between the cells 
and plasma of human heparinized blood was measured. Expressed as a 
cell-plasma ratio, the mean value for the chloride was 0.515, for iodide-131 
0.565. The difference is statistically significant. 


We wish to express our gratitude to Catherine Ryan, Carol Lundring, 
and Donna Whitney Schuster for their technical assistance. 
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LYOPHILIZED CARBONYLHEMOGLOBIN AS A COLORIMETRIC 
HEMOGLOBIN STANDARD 


By MAX E. CHILCOTE anp ARTHUR E. O’DEA* 


(From the Department of Biological Chemistry, University of Buffalo School of 
Medicine, Buffalo, New York) 
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A stable form of hemoglobin, easily utilizable as a primary colorimetric 
standard for the routine quality control of the various widely used methods 
for the determination of hemoglobin, would facilitate accurate analysis by 
the method of choice. Drabkin (1, 2) has clearly shown that ammoniaca] 
copper sulfate solutions can serve as excellent independent standards for 
the calibration and routine testing of photometric instruments used to de- 
termine hemoglobin, since accurate and constant ratios between the extine- 
tion values of the ammoniacal copper sulfate and either oxyhemoglobin or 
eyanmethemoglobin solutions could be established. Alternatively, Drab- 
kin has suggested the use of cyanmethemoglobin from crystalline oxyhemo- 
globin or hemin dicyanide from crystalline hemin for the same purpose (3). 
However, it would seem that a satisfactory working standard that could be 
routinely analyzed along with blood samples to study both random and 
prejudiced errors due to other factors than instrument performance, 7.e. 
errors in reagents or technique, etc., would be of additional aid in evaluat- 
ing the significance of various physiological or nutritional studies concerned 
with hemoglobin. Since a number of different methods are at present and 
may well continue to be used, an ideal working standard to facilitate ac- 
curate comparison between various studies should be amenable to use in a 
maximum number of these commonly used methods. The continued in- 
terest in the acid- and alkali-resistant forms of hemoglobin, for example, 
presents a need for better control of the acid and alkali hematin methods 
for hemoglobin. Although crystalline hemin has also been studied as a 
primary calibration standard for the alkali hematin method (4-10), it has 
not as yet been adapted as a working standard to be subjected to the 
same procedure as the blood samples. Technical difficulties such as the 
present need of aging the alkaline hemin solutions seem to cast doubt 
on the adaptability of hemin as a quality control standard. Since ly- 
ophilized hemoglobin from crystalline oxyhemoglobin seemed to possess 
the necessary characteristics indicated above, carbonylhemoglobin, selec- 
ted because of its resistance to methemoglobin formation (11), was tested 
as such a quality control standard. 

* Present address, Department of Legal Medicine, Harvard Medical School, 


Boston, Massachusetts. 
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EXPERIMENTAL 
Preparation and Storage of Crystalline Carbonylhemoglobin 


Oxyhemoglobin was crystallized by the methods of Drabkin (11) from 
outdated human transfusion blood. The resultant suspension of crystals, 
separated by centrifugation, was dialyzed free of salts, and the resulting 
solution saturated with carbon monoxide. The carbonylhemoglobin so- 
lution was centrifuged, and aliquots of the supernatants lyophilized in 
glass ampules. The ampules were sealed off under a high vacuum and 
stored at —20°. These large samples were opened as needed and portions 
of the powdered carbonylhemoglobin (about 125 mg. each) placed in small 
glass ampules, which were in turn placed under a high vacuum, sealed off 
after 30 minutes, and stored at —20°. 


Analytical Methods 


The methods used in this study are representative of those in common 
use. Modifications of these methods have been thoroughly studied as to 
accuracy and precision by MacFarlane eft al. (12). The procedures were 
designed to permit use of the Rouy-Leitz photoelectric colorimeter. To 
provide accurate reference values for hemoglobin, the titrimetric method 
for iron was chosen. King ef al. (13) have established the validity of this 
method. 

Alkali Hematin—The method of Clegg and King (4) was used with the 
580 mu filter. 

Acid Hematin and Cyanhematin—Established procedures for acid hema- 
tin (12) and cyanhematin (14) were modified, so that the hemoglobin of a 
single 0.2 ml. aliquot of blood could be determined by both methods. 

For the acid hematin determination, the blood or carbonylhemoglobin 
samples were dissolved in 0.1 nN HCl and diluted to volume, after which 
5.0 ml. aliquots were pipetted into cuvettes. The colors were read 30 
minutes after initial solution of the hemoglobin with the 535 muy filter. 

For the cyanhematin determination, 2.0 ml. aliquots of 5 per cent NaCN 
in 0.05 per cent NH,OH were added to each cuvette. After mixing and 
standing for 10 minutes, the colors were read at 535 mu. 

Cyanmethemoglobin—Initially, the two-step procedure of Drabkin and 
Austin (15, 16) was used; optical densities being read in the Beckman 
quartz photoelectric spectrophotometer at 540 my with a slit width of 
0.0125 mm. To eliminate the use of a concentrated cyanide solution, the 
following modified procedure was developed and applied to the standard 
carbonylhemoglobin solutions and to the analysis of the last ten blood 
samples cited in Table II, the colors being read on both the Rouy-Leitz 
photoelectric colorimeter at 535 mu and the Beckman spectrophotometer 
at 540 mu. 
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The hemoglobin samples were dissolved in a solution containing 0.02 per 
cent potassium ferricyanide, 0.01 per cent sodium cyanide, and KH.PO, to 
give a pH of about 7.4. Drabkin and Austin (15) have shown that the 
spectrophotometric constants of solutions of methemoglobin cyanide are 
unaffected by change in pH. Since a 250-fold dilution of blood was used, 
a 20:1 molar ratio of ferricyanide to hemoglobin provided a rapid and 
complete transformation of oxyhemoglobin to methemoglobin (17). Met- 
hemoglobin formation by ferricyanide in the presence of cyanide has been 
reported previously (17). Since in this laboratory the conversion to met- 
hemoglobin of both native oxyhemoglobin and lyophilized carbonylhemo- 
globin was quantitative with or without cyanide, the dual purpose reagent 
was used. 

Maximum color was observed after 2 minutes with native hemoglobin of 
blood, but only after 30 minutes with either carbon monoxide-treated 
blood or the lyophilized carbonylhemoglobin. The color intensities then 
remained quite stable, as previously noted by Drabkin (3). 

Total Iron—The method of King and Gilchrist (14) was modified for the 
analysis of 0.5 ml. (instead of 5.0 ml.) of blood by titrating the iron of the 
ashed samples with 0.1 to 0.2 per cent TiCl;, as described by King and 
Gilchrist. The TiCl; remained constant for several weeks under a positive 
pressure of nitrogen (18). 


Standardization of Lyophilized Carbonylhemoglobin 


Determination of Purity of Carbonylhemoglobin—The iron content, de- 
termined on seven samples (125 to 150 mg.), was found to be 0.327 per 
cent with a standard deviation and coefficient of variation for the mean 
of 0.00136 and 0.42 per cent. By comparison of this iron content to the 
value of 0.340 per cent accepted for pure dry hemoglobin (3, 19-21), the 
hemoglobin content was calculated as being 96.2 per cent. The moisture 
content of these samples, as approximated by drying samples to constant 
weight at 105-110° prior to iron analysis, accounted for most of the dis- 
parity between the above iron values. 

In addition, carbonylhemoglobin and cyanmethemoglobin solutions, pre- 
pared from the lyophilized powder, were examined spectrophotometrically. 
No methemoglobin could be detected in the carbonylhemoglobin by the 
method of Horecker and Brackett (22). No differences could be detected 
in cyanmethemoglobin solutions prepared by the two methods cited pre- 
viously. As calculated from a hemoglobin content of 96.2 per cent, the 
mean £; om. (per millimole per liter) values for carbonylhemoglobin of 
14.52 and 14.53 at 539 and 569 mu respectively and for cvanmethemoglobin 
of 11.30 at 540 mu showed essential agreement with those of Horecker (23) 
and Drabkin (24, 3). 

Effect of Addition of Plasma to Carbonylhemoglobin Solutions—Preliminary 
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study showed that optical densities at 535 my for the acid hematin solu- 
tions prepared from the lyophilized carbonylhemoglobin were much smaller 
than for an equivalent amount of hemoglobin in fresh blood. Addition of 
normal human plasma to the carbonylhemoglobin samples prior to color 
development made them colorimetrically more equivalent to those from 
fresh blood. Hydrochloric acid on plasma resulted in negligible color, 
Thus, a systematic study was made of the effect of plasma (from outdated 
human transfusion blood) upon the color development in all of the methods. 

Stock solutions of carbonylhemoglobin powder were made with and with- 
out added plasma. The relative amounts of plasma and hemoglobin ap- 


TABLE I 
Effect of Plasma on Color Developed with Lyophilized Carbonylhemoglobin 
Method Plasma | | cance level 

Alkali hematin Yes | 21 2.99 | 0.030 3.78 | <0.001 
No | 2 2.84 0.025 

Acid hematin Yes | 34 6.21 0.024 40 <0.001 
No | 36 4.67 | 0.030 

Cyanhematin Yes | 4 5.57 0.013 2.69 0.01 
i 5.64 0.025 

Cyanmethemoglobin Yes 5.76 0.022 | 5.75 | <0.001 
No 25 5.62 0.013 | 


* k is calculated from ke = d, where c is expressed in mg. percent. 
+ Standard deviation of the mean = of = o/N ,o = V (pz? — (Ex2/N))/(N — 1) 
where NV = the number of observations, and Dx? = the sum of the squares of the in- 


dividual observations. 
t Significance level is the probability that the two series could be from the same 


population. 


proximated the ratio 0.36 ml. of plasma per 100 mg. of hemoglobin, calcu- 
lated from a hematocrit of 45 per cent and a hemoglobin concentration of 
15 gm. per 100 ml. of blood. Aliquots of the stock solutions, selected to 
give final transmission values between 20 and 80 per cent, were then 
carried through the above colorimetric procedures. Constant relationships 
between concentrations of hemoglobin and optical densities, expressed as 
k values in Table I, were always obtained with or without added plasma. 


Results 


Effect of Addition of Plasma to Carbonylhemoglobin Solutions 


As examined by Student’s ¢ test (25), the addition of plasma to the 
carbonylhemoglobin resulted in highly significant differences in the extinc- 
tion constants except in the cyanhematin method. The differences in the 
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eyanhematin and cyanmethemoglobin methods were only 1.2 and 2.6 per 
cent, respectively, as contrasted to 33.0 and 5.2 per cent for the acid and 
alkali hematin methods, respectively. Of interest here is the report that 
the addition of plasma to crystalline hemin makes alkali hematin solutions 


TaBLeE II 
Comparative Analyses of Hemoglobin of Blood by Colorimetric and Total Iron Methods 
The values are given in gm, per 100 ml. 


Sample “Alkali hematin*® Acid hematin* Cyanhematin* | Cyanmethemoglobin* Total 
| Plasma. None Plasma None Plasma None Plasma None Nonet 
1 R.D 14.3 | 15.2 | 14.2 | 18.8 | 14.1 | 13.9 | 14.0 
21 M.C 17.5) 16.8 22.3) 16.1 15.9. 16.0 
$3 | 8.8 13.8 14.6 14.3) 19.0) 13.8) 13.7. 13.5 13.6 
4 F.G (144.0 14.8 15.8 21.0 15.0 14.8— 15.5 
5 | F.C 15.5 20.6 14.8) 14.6 | (14.4 «14.3 
6 A.D 17.6 18.6 18.7) 17.8 17.6 | 17.6 
19.1 20.2 18.4 24.4) 17.4 | 17.2 17.0 17.4 17.2 17.4 
8 | W.D.L. | 16.7 | 17.7 | 16.4 | 21.7 15.7 | 15.5 | 15.1 | 15.4 | 15.3 15.6 
9 M.J.C. 15.3) 16.2) 15.1) 20.1 15.3 15.2 14.6 | 15.0 15.0 14.9 
10 | I. M. 18.3 19.4 18.0 23.9 16.7 16.5 16.9 17.4 17.1 17.7 
19.0 20.1 19.3 25.7 18.0 17.8 17.1 17.6 17.9 17.9 
12 D.M. 16.9 17.8 16.8 22.3 16.0 15.8 15.6 16.0 15.9 15.8 
13 H. (14.8 15.6 13.8 18.3 13.7 13.5 13.9) 14.3 13.6 13.6 
14 T.S. (15.9 16.9 15.6 20.7 15.1 14.9 14.7 15.1) 14.9 14.8 
15 «A.B. 14.8 15.6 14.7 19.6 13.9 13.8 13.4 13.7 13.6 13.4 
16 | C.M. (15.4 16.30 15.6 20.7 15.2 15.1 15.5 15.3 14.9 
Average | | | | | | 
Samples 7-16... 16.6 17.6 16.4 21.7 15.7 15.5 15.3 15.7) 15.6 15.6 
“1-16... 16.1 17.0 16.2) 21.5 15.5 15.4 (15.3: 


* The data have been calculated by using the optical constants of the colors de- 
veloped with carbonylhemoglobin plus plasma and without plasma. 
t Color intensity determined on model DU Beckman quartz spectrophotometer. 


formed photometrically more equivaient than those from hemin alone to 
the alkali hematin formed from whole blood (10). 


Lyophilized Carbonylhemoglobin As Reference Standard for Determination of 
Hemoglobin of Fresh Blood 


The hemoglobin contents of a series of fresh blood samples were deter- 
mined in duplicate by the previously described methods, the results being 
expressed in Table II. The venous bloods drawn just prior to analysis 
from normal persons were mixed with dry sodium oxalate anticoagulant. 
Optical densities were read in the Rouy-Leitz photoelectric colorimeter, 
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calculation of hemoglobin being made by reference to the mean k values 
listed in Table I. The cyanmethemoglobin solutions were also read in the 
Beckman spectrophotometer, calculation of hemoglobin contents being 
made by reference to the previously described £; om. (per millimole per 
liter) at 540 my of 11.30. 

Hemoglobin was also determined by analysis for total iron, the concen- 
trations being calculated from the iron content of 0.340 per cent. The 
accuracy of the iron method was in turn confirmed by adding known 
amounts of iron, 2.e. 0.25 mg. of Fe, as pure ferrous ammonium sulfate, to 
one of duplicate aliquots of six blood samples, as recovery values of 97.0, 
97.7, 99.5, 100, 101, and 102 per cent of the added iron were obtained. 


DISCUSSION 
Accuracy of Hemoglobin Values Calculated from Iron Contents 


Drabkin (1-3, 20) has shown that all hemoglobin derivatives convertible 
to cvanmethemoglobin may be accurately determined by the colorimetric 
estimation of cyanmethemoglobin or by the estimation of the total iron 
content. In addition, the studies of King et al. (14, 26) have demonstrated 
that human blood does not usually contain non-hemoglobin iron in amounts 
significant to the estimation of hemoglobin by the analysis of whole blood 
for iron. In these studies the hemoglobin values of a series of fresh human 
bloods determined from total iron content and from the carbon monoxide 
capacity after preliminary reduction of the iron were in almost exact agree- 
ment, while those determined from oxygen capacity averaged about 2 per 
cent lower. Accordingly, the accuracy of the colorimetric hemoglobin val- 
ues in the present series is assessed by comparison to the hemoglobin values 
calculated from the iron analyses. 

For Alkali and Acid Hematin Methods—In these methods calculation 
with k values for carbonylhemoglobin plus plasma, rather than for car- 
bonylhemoglobin alone, gave hemoglobin values that more closely approx- 
imate those obtained from the total iron. However, the mean hemoglobin 
contents of blood calculated in this way were, for the alkali and acid 
hematin methods, still 4.3 and 5.2 per cent higher than the mean calculated 
from the total iron results. The coefficients of variation, 3.9 and 2.5 per 
cent, respectively, calculated for the ratios of the alkali and acid hematin 
mean values to the total iron mean, correspond closely to those noted for 
the k values obtained for the standard hematin solutions. They also agree 
well with similar coefficients of variation noted by MacFarlane et al. (12). 

Since the addition of the plasma to the carbonylhemoglobin did _ not 
result in clearly more precise k values for the final hematin solutions, no 
appreciable advantage has been gained. However, it is apparent that the 
carbonylhemoglobin can still serve as fairly precise quality control standard 
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for these methods, even though the actual calibration of the method may 
have to be done with cyanmethemoglobin solutions. The augmenting 
effects of the addition of plasma to the lyophilized carbonylhemoglobin on 
the development of the acid and alkali hematin colors and the comparison 
to those from whole blood may also be of significance in studying the 
acid- and alkali-resistant forms of hemoglobin. 


Cyanhematin and Cyanmethemoglobin Methods 


The data of Table II indicate excellent agreement among these colori- 
metric methods and total iron analyses. Use of & values for the carbony!l- 
hemoglobin alone, rather than for carbonylhemoglobin plus plasma, re- 
sulted in a mean hemoglobin value for blood in better agreement with 
that from total iron analyses. The data demonstrate that lyophilized 
carbonylhemoglobin serves as a routine primary colorimetric reference and 
quality control standard for the above cyanhematin and cyanmethemo- 
globin methods, as was expected from the studies of Drabkin (1-3, 20) and 
King et al. (14, 26). 

The accuracy and precision of the hemoglobin values indicate a clear 
superiority of the cyano methods over the alkali or acid hematin methods. 
However, no definite claim of superiority in accuracy and precision can be 
made for any one of the cyano methods. Objections have been raised to 
the concentrated cyanide solutions utilized in both the cyanhematin and 
the older two-step cyanmethemoglobin methods. The modified cyanmet- 
hemoglobin method offers the advantage of greater simplicity as well as a 
lower probability of serious toxic reaction. This is especially true if small 
capacity (‘to contain’’) pipettes are to be rinsed in a measured amount of 
a final diluent. 


SUMMARY 


1. Lyophilized human carbonylhemoglobin was studied as a reference 
standard for the colorimetric determination of hemoglobin. 

2. The lyophilized carbonylhemoglobin developed less color than native 
oxyhemoglobin of fresh blood in the acid and alkali hematin methods 
studied. Addition of normal human plasma to the carbonylhemoglobin 
enhanced the color development in both cases, but not to the maximum 
noted for the native oxyhemoglobin of fresh blood. 

3. The lyophilized carbonylhemoglobin and oxyhemoglobin of fresh blood 
developed equal color intensities in the cyanhematin and cyanmethemo- 
globin methods studied. 

4. The carbonylhemoglobin serves well as a quality control standard for 
all methods used, as well as an absolute primary standard for the cyan- 
hematin and cyanmethemoglobin methods. 
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5. A modified cyanmethemoglobin method which possesses certain ad- 


vantages over the other methods has been developed. 
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THE CONVERSION OF GLUCOSE-6-C" TO ASCORBIC ACID 
BY THE ALBINO RAT* 


Bry HUGH H. HOROWITZf{ anv C. G. KING 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, July 23, 1952) 


The conversion of glucose-1-C' to ascorbic acid-6-C™ and uniformly 
labeled glucose-C to uniformly labeled ascorbic acid-C" in the Chloretone- 
stimulated albino rat has been demonstrated (1, 2). To provide further 
evidence for a direct conversion of glucose to ascorbic acid and to eliminate 
pathways similar to that suggested by Bidder (3) for glucuronic acid forma- 
tion, glucose-6-C™ has been used in a similar experiment, and a total 
degradation of the ascorbic acid thus formed has been carried out. 


EXPERIMENTAL 


Glucose-6-C'4—We are indebted to Dr. John Sowden of Washington Uni- 
versity for the sample of glucose-6-C' used. Its activity was found by 
combustion to be 2.55 + 0.02 X 10° c.p.m. per mg. on our counter! (0.5 
uc. per mg. absolute). To test radioactive purity a small amount was 
diluted with inactive glucose and recrystallized from acetic acid-water. 
Its calculated activity was 2.56 + 0.01 X 10° c.p.m. per mg. 

Isolation of Biosynthetic Ascorbic Acid—Two male albino rats of the 
Wistar strain were treated with Chloretone for at least 1 week and then 
injected intraperitoneally with 28.3 and 28.7 mg., respectively, of glucose- 
6-C4 in two doses, each given in 1 ml. of water, on two successive mornings 
following Chloretone treatment. Ascorbic acid was isolated from urine as 
described previously (1, 2, 4) and part of it was converted to the osazone. 

Degradation of Ascorbic Acid—Carbon 1 was obtained by decarboxyla- 
tion, carbons 1 and 2 as oxalate, and carbon 6 as dimedon-formaldehyde 
after periodate cleavage of the osazone as described previously. 

It was found that the osazone of ascorbic acid, when dissolved in 0.1 N 
NaOH, consumed 2 moles of periodate per mole, owing presumably to the 
opening of the lactone ring in alkali (5) and formic acid formation. The 
latter, representing carbon 5, was separated as follows from the above 
reaction mixture. 


* This investigation was aided by a grant from the Nutrition Foundation, Inc., 
and contract AT(30-1)-1137 from the Atomic Energy Commission. 

t The data given in the present manuscript constitute a portion of the thesis sub- 
mitted by Hugh H. Horowitz in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy, Faculty of Pure Science, Columbia University. 

' Nuclear Instrument and Chemical Corporation, scaling unit model 163. 
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After removal of the insoluble nitrogenous material by acidification and 
filtration and precipitation of formaldehyde as its dimedon derivative, the 
yellow filtrate was shaken with 1 to 2 gm. of absorbent charcoal for several 
minutes and filtered. The clear filtrate was acidified with 2 ml. of H.SO, 
and distilled until the volume had decreased to 25 ml. It was then steam- 
distilled until the total distillate was 350 to 400 ml. The distillate was 
treated with 6 gm. of sodium acetate trihydrate and 10 ml. of acetic acid 
(6) and refluxed under an N»2 sweep to remove any dissolved COz2 without 
removing formic acid. 10 gm. of HgCl. were added and the mixture was 
again gently refluxed under an Ne sweep, the COs» being collected in 
Ba(OH)»2. The BaCQO3 was counted directly. 

Since the cleavage was performed in 0.1 N NaOH under conditions in 
which formaldehyde may be polymerized to aldoses, etc. (7, 8), cleavable 
by periodate to formate, it was suspected that carbon 5 would be contam- 
inated by radioactivity present in carbon 6. To determine the extent of 
this contamination, diluted glucose-6-C' was cleaved under the same con- 
ditions, followed by isolation of both the formaldehyde and formic acid. 
Total counts in dimedon-formaldehyde, 37,200; in BaCQ3, 562. Contamin- 
ation therefore occurred to the extent of only 1.5 per cent. 

Cleavage of ascorbic acid with NaOI is said to yield oxalic and threonie 
acids quantitatively (9). This contention is supported by the fact that no 
more than 4 m.eq. of iodine was consumed after standing 1 hour. The 
iodine absorbed per mm of ascorbic acid after 5, 10, 23, and 65 minutes, 
was 3.94, 3.95, 3.96, and 3.98 m.eq., respectively. 

The filtrate remaining after oxalate removal, after purification, was 
treated with periodic acid. Under various conditions of pH, concentration, 
and temperature, it was found that no glyoxylic acid could be isolated as 
expected for an a-hydroxy acid (10,11). Instead, CO» was formed. 


COOH 
| 1CO, 
HCOH + 
oHCOOH 
HCOH 
1H:CO 


CH:OH 


At room temperature the vield of CO» was over 100 per cent of theoretical 
and that of formic acid was correspondingly low, but no such difficulty was 
encountered at 0°. The final procedure used was as follows. 

50 mg. of ascorbic acid were dissolved in 0.1 N acetic acid and rapidly 
treated with 15 ml. of 0.1 N iodine in 0.2 nN KI solution, followed by 5 ml. 
of Nn NaOH. After 5 minutes the solution was brought to pH 5 by adding 
0.5 ml. of acetic acid. 1 ml. of M calcium acetate was added to precipitate 


” 
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calcium oxalate, which was separated by centrifuging. The iodine-colored 
filtrate was decolorized exactly with 0.1 N sodium arsenite solution (2.6 
ml.). Silver nitrate (800 mg.) was added with shaking to precipitate AgI. 
Precipitation was complete when a drop of AgNOs solution produced a 
brown silver arsenate precipitate. Lead acetate (100 mg. of trihydrate) 
was added to remove arsenate (pH below 6.5, to avoid coprecipitation of 
lead hydroxide and threonate). The combined precipitates were removed 
by gravity filtration and the filtrate was treated with H.S to remove excess 
lead. The clear supernatant was divided into two equal parts on which 
duplicate cleavages were run. The solution was brought to pH 3 to 4 with 
acetic acid and then boiled under an N» sweep to remove H2S and CO:. 
It was then cooled to 0° in an ice bath and treated with 200 mg. (over 100 


| TaBLeE I 
Activity in Each Carbon of Ascorbic Acid after Injection of Glucose-C™ 


Carbon No. | Glucose-1-C'4 Glucose-6-C4 
per ceni per cent per cent 
1 11.0 59.5 61.5 
2 5.4* 5.5* 3.2* 
3 6.8 6.4 7.0 
4 9 .9* 7.0* 6.9* 
5 8.6 5.3 5.6 
6 55.8 15.2 14.8 
97.5 98 .9 99 .0 


* These values were obtained by difference, subtraction of the value for a single 
carbon from that of a product representing 2 carbons. 


per cent excess) of paraperiodic acid, H;IO¢, in water. The reaction mix 
ture was swept with No, the CO» being collected in Ba(OH), solution.  Af- 
ter 1 hour, excess arsenious oxide suspended in acid was added to convert 
the remaining periodate to iodide, and the solution was allowed to warm 
to room temperature to allow most of the dissolved CO, to be swept over 
by the Ne in 1 more hour (carbon 3 of ascorbic acid). 

The remaining liquid was filtered if necessary, neutralized, and treated 
with dimedon solution to precipitate the formaldehyde, representing car- 
bon 6. 

The filtrate was then acidified and steam-distilled exactly as described 
above to isolate the formic acid, which was again converted to CO: and 
BaCO; for counting purposes (carbons 4 and 5). The yields obtained in 
a trial run with 49.7 mg. of ascorbic acid in this procedure were as follows: 
carbon 3, BaCQO;, 19.9 mg., 72 per cent; carbons 4 and 5, BaCOs, 46.7 mg., 
84 per cent; carbon 6, dimedon-formaldehyde, 34.7 mg., 84 per cent. 
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RESULTS AND DISCUSSION 


The two animals converted glucose-6-C* to ascorpic acid in radioactive 
yields of 0.47 and 0.53 per cent. For comparison the conversion yields 
from glucose-1-C™ were 0.36, 0.79, and 0.51 per cent of the injected dose. 

The results of cleavages of ascorbic acid isolated from two animals are 
given in Table I, along with data obtained for an animal given glucose-1- 
C4, The results show that glucose-6-C™ is converted to ascorbic acid-1- 
C4, just as glucose-1-C™ was converted to ascorbic acid-6-C'%. The dis- 
tribution of activity among the less labeled carbons is similar in both cases 
and explainable as before on the basis of a partial redistribution of C™ 
among the carbons of glucose before ascorbic acid formation. The simi- 
larity of the radioactive yields lends further strong support to the view 
that the 6th carbon of glucose enters into ascorbic acid via the same molec- 
ular pathway that is followed by carbon 1. The conversion is direct, with 
maintenance of the steric configuration around carbons 2 and 3 of glucose 
(carbons 5 and 4, respectively, of ascorbic acid). 


SUMMARY 


1. A method is presented for the stepwise degradation of ascorbic acid. 

2. It is shown that glucose-6-C"™ is converted by the Chloretone-stimu- 
lated albino rat to ascorbic acid labeled chiefly in the 1 position. The 
radioactive yields were the same as those found for glucose-1-C™. Thus 
further evidence is furnished for direct conversion of D-glucose to L-ascorbic 
acid. 
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THE BIOSYNTHESIS OF SQUALENE* 


By ROBERT G. LANGDON? anp KONRAD BLOCH 


(From the Department of Biochemistry and the Institute of Radiobiology and 
Biophysics, University of Chicago, Chicago, Illinois) 


(Received for publication, July 28, 1952) 


In 1916 Tsujimoto (1) isolated from shark liver oil a hydrocarbon having 
the empirical formula C3.9Hs which he named squalene. Later the struc- 
ture of this hydrocarbon was established as a dihydrotriterpene by Heil- 
bron and coworkers (2, 3). This compound has more recently been found 
to be of rather wide-spread occurrence. It has been reported to occur in 
yeast (4), palm oil (5), human dermoid cysts (6), and human sebum (7, 
8)... However, it has not been known whether squalene is synthesized by 
animals or whether its ultimate source is ingested plant material. 

Rat tissues do not normally contain sufficient squalene to make direct 
isolation feasible. However, if this hydrocarbon is fed, small amounts can 
subsequently be recovered from the tissues, indicating that it is absorbed 
from the gastrointestinal tract. With shark liver squalene as a carrier, 
synthesis of the hydrocarbon in rat tissues can be demonstrated with the 
aid of the isotopic tracer technique. Acetate serves as a carbon source in 
this process. 


RESULTS AND DISCUSSION 


The early experiments of Channon and Tristram (9, 10) indicated that 
squalene is absorbed from the gastrointestinal tract. In confirmation of 
these earlier findings, it was found in the present experiments that, depend- 
ing on the dose, 5 to 20 per cent of dietary squalene could be recovered in 
the hydrocarbon fractions of the liver and gut. 

The results obtained on administration of either 1-C'4- or 2-C'-acetate 
together with non-isotopic squalene are presented in Table I. Recovery 
of C™ in the hydrocarbon fractions isolated from the combined livers and 
intestines was small but significant. Although the amounts of squalene 


* This work was aided by a grant-in-aid from the Life Insurance Medical Re- 
search Fund. Part of the data was taken from a thesis submitted by Robert G. 
Langdon in partial fulfilment of the requirements for the degree of Doctor of Philos- 
ophy in the Department of Biochemistry, University of Chicago. 

t Postdoctorate Research Fellow of the United States Public Health Service. 

1 Dr. N. Nicolaides and Dr. S. Rothman have kindly made available to us the re- 
sults of unpublished experiments in which they have demonstrated that squalene 
is a normal constituent of human hair fat. The hydrocarbon is found in signifi- 
cantly larger amounts in the hair fat of adults than in that of children. 
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which could be reisolated from the tissues varied considerably, the total 
recovery of C'* was remarkably constant. It is clear that rat tissues uti- 
lize both the carboxyl and methyl carbons of acetate for the synthesis of a 
hydrocarbon. Evidence that the radioactivity resides exclusively in squa- 
lene is presented in Table II. Portions of the hydrocarbon fractions iso- 
lated from the tissues were analyzed for C', were diluted with carrier 
squalene in the proportions indicated in Table II, and were analyzed again. 
Squalene hexahydrochloride and the isomerides were then prepared as de- 


TABLE 
Synthesis of Squalene by Intact Rats 


| Carrier Duration 
No. rats Total Specific | | | 
| | | activityt | | tivityt | 
| (1) (7) 
| gm. mM | gm. | days | me | ee 
FA-1,2§.... 220 | 4 1x10° | 0.4 | 5 | 16 | 649! 9.4 10° 
FA-5,6§... 240 20 10° | 0.4 | 2 28 | 473/10 xX 10° 
FA-3,4]|... 192 | 6.2 | 4.9X 10° | 2.0 2 | 35 | 2080/ 8.7 x 10° 
| | min 
IA-19...... 75 | 0.026) 1.4107 0.3 30 13 10.2 x 10° 
TA-49..... 0.026, 1.4 107 1200 5B | 13.1 10° 


* From pooled livers and intestinal tracts. 
(mM carbon per mg. squalene) X 100 
Tt (5) X (6) X 2x (1) X (2) 
t Counts per minute of infinitely thick BaCO; samples. 
§ 2-C4-Acetate fed. 
|| 1-C14-Acetate fed. 
§ 1-C'4-Acetate injected intraperitoneally. 


scribed in the experimental section. The melting points of these deriva- 
tives were identical with those derived from pure squalene. If another 
isotopic compound had been present in significant amounts, the isotope 
concentration should have been less in the serially isolated derivatives than 
in the diluted hydrocarbon fractions themselves. Since the specific activi- 
ties did not decline during these steps, it may be concluded that radioac- 
tivity had been incorporated into squalene and that squalene was the only 
radioactive compound present in the hydrocarbon fractions. However, 
the presence of other non-radioactive materials is not excluded and is indeed 
suggested by Experiment FA-5,6 in Table II. Here the specific activity 
of the hydrochloride, directly prepared without dilution by carrier squalene, 
is 46 per cent higher than in the hydrocarbon fraction itself. 
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Contributory evidence for the identity of the material isolated after 
squalene feeding is provided by the formation of crystalline addition prod- 
ucts with thiourea? when the hydrocarbon fractions are mixed with a satu- 
rated solution of thiourea in methanol, a property also exhibited by natural 
squalene. This formation of addition product has some degree of speci- 
ficity, since synthetic “squalene” (12), which is isomeric with natural squa- 
lene, fails to give a crystalline thiourea complex. 

In order to determine whether the recovery of C'-squalene after the 
feeding of labeled acetate was dependent upon the simultaneous adminis- 
tration of carrier squalene, the experiment given in Table III was per- 
formed. Three groups of animals were fed 1-C'4-acetate. The diet of 
Group 1 contained, in addition, carrier squalene. To the tissues of the 
animals in Groups 2 and 3 carrier squalene was added immediately before 


TaB_e II 
Isotope Concentration in Hydrocarbon Fractions and Squalene Derivatives 


Hydro- Diluted Specific activityt of hydrochlorides 
carbon hydro- 
activityt activityt tbe Isomer, 108 144 
2080 17.5 119 124 | 117 
473 | O | 694 | 


« Mg. carrier squalene + mg. hydrocarbon fraction 


Mg. hydrocarbon fraction 
t Counts per minute of infinitely thick BaCO; samples. 


saponification. As indicated by the data in Table III, the formation of 
labeled squalene is not dependent upon an exogenous supply of squalene. 

The quantity of squalene normally present in rat tissues at any given 
instant must be relatively small. The hydrocarbon fraction prepared from 
250 gm. of rat liver was assayed for squalene by the Sobel method (8), a 
modified Liebermann-Burchard reaction. 25 y of squalene were found to 
be present per gm. of normal rat liver. This corresponds to approximately 
0.5 per cent of the non-saponifiable fraction. However, this value is prob- 
ably too high, since color development occurred much more rapidly with 
the rat liver hydrocarbon fraction than with natural squalene from shark 
liver oil. The quantities of carrier squalene added in the isotopic experi- 
ments are of the order of 100 times those present normally in rat tissues; 


?Dr. N. Nicolaides kindly informed us of his observation of adduct formation 
between squalene and thiourea. Photographs of these inclusion crystals are not 
reproduced here because the crystal form is not unique for any given hydrocar- 
bon (11). ‘ 
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it is clear that the isotope concentration in the newly formed endogenous 
squalene must have been much greater than in the material isolated. For 
example, by using the value from the above squalene analysis it can be 
calculated that in Experiment 2, Table III, the specific activity of the 
endogenous squalene was at least 6850 ¢.p.m., or 114 times the specific 
activity of the material isolated after the addition of carrier. 

The incorporation of acetate into squalene must be a rapid process. The 
data in Table I indicate that the maximum isotope level is reached within 
30 minutes (Column 7, Table I). Thus squalene occurs in small quantities 


TaBLeE IIT 
Recovery of C'4-Squalene from Tissues of Control Rats and Rats Fed Squalene 
| Acetate fed* | | Squalene recovered | 
Group | Time of hie ‘Squalene | Isotope 
No. feeding | fed | recovered 
activityt | | | Specific activityt 

| days | total m | gm. | mg. | per centt 
| 2 | 62 | 4.9% | 2.0 | 35 | 2080 8.7 X 10-3 
2|| | 1 | 1.0 | 7 X.105 O 28.67 | 60 (6850)** | 8.9 X 10° 
3 | 2 128 13x O 24.79 108 (11,850)** 6.9 X 10° 


* 1-C'4-Acetate. 

+ Counts per minute of infinitely thick BaCO; samples. 

t See Table I. 

§ Squalene recovered from pooled livers and gastrointestinal tracts. 

| Squalene recovered from livers only. 

€ 25 mg. of carrier squalene added to the saponification mixture. 

** The values in parentheses calculated for the specific activity of endogenous 
squalene before carrier dilution. 


and must be rapidly regenerated, characteristics which are typical of active 
metabolites. 


EXPERIMENTAL 


Materials—Commercial technical grade squalene,’ prepared originally by 
molecular distillation, was redistilled twice. The product was a colorless 
mobile oil, b.p. 169-173° at 0.01 mm. This material was used in the feed- 
ing experiments and as carrier in the isotope dilution and isolation proce- 
dures. 1-C'4-Acetate was prepared by the carboxylation of methylmagne- 
sium bromide (13). 2-C'4-Acetate was obtained from Tracerlab, Inc. 

Feeding Experiments—Rats of the Sprague-Dawley strain of both sexes, 
weighing 75 to 150 gm., were used throughout. The animals were kept on 
a diet composed of corn-starch 70 per cent, casein 20 per cent, brewers’ 


3 Generously supplied by Dr. Stanley Ames, Distillation Products, Inc. 
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yeast 5 per cent, and salt mixturet 5 per cent. 50 mg. of corn oil and 1 
drop of cod liver oil were added per gm. of diet. The animals were fed 
sufficient amounts of this diet to assure satisfactory gain in weight. To 
the basic diet were added test compounds in the quantities indicated in 
Tables I to III. When squalene was fed, it was dissolved in the corn oil 
prior to mixing with the rest of the diet. 

Isolation Procedures—All tissues were saponified by heating under a re- 
flux with 10 per cent KOH in 50 per cent ethanol for 4 to 6 hours in a stream 
of nitrogen. The non-saponifiable fraction was extracted with petroleum 
ether and the volume of the extract was reduced to about 30 ml. The 
solution was then poured onto a 1.5 X 15 em. alumina column (14). The 
hydrocarbons were eluted with 150 ml. of petroleum ether, and the steroids 
were eluted with 150 ml. of 1:1 acetone-ether. This procedure was found 
to give quantitative recovery and separation of squalene and cholesterol in 
known mixtures. 

Preparation of Squalene Derivatives—In order to characterize the hydro- 
carbons from the non-saponifiable fractions, squalene hexahydrochloride 
and the isomerides were prepared, with or without addition of carrier squal- 
ene, by a slight modification of the procedure of Heilbron et al. (2). 1 part 
of hydrocarbon was added to 3 parts of acetone saturated with dry HCl 
at —5°. Dry HCl was passed through the solution for 30 minutes after 
the first precipitation of hydrochloride occurred. The crude hydrochlo- 
rides were washed well with cold absolute ether. The isomerides were 
prepared as follows. 1 part of crude hydrochloride was digested with 20 
parts of acetone at 50° for 10 minutes and was then brought to a boil briefly. 
The residue was removed rapidly by centrifugation. The supernatant on 
standing deposited crystals which were collected and recrystallized twice 
from acetone. The resulting crystals melted at 107-108°. The acetone- 
insoluble residue was digested twice more with acetone and was then recrys- 
tallized twice from ethyl acetate. The resulting crystals melted sharply 
at 144°. 

Isotope Analyses—All the samples were burned in a micro combustion 
apparatus and the carbon dioxide was collected as barium carbonate. Ra- 
dioactivity measurements were made in a gas flow counter. All specific 
activity values are expressed as counts per minute of an infinitely thick 
barium carbonate plate 3.47 sq. cm. in area. In all cases sufficient counts 
were made to give an error of less than 5 per cent. 


SUMMARY 


1. When squalene is fed to rats, 5 to 10 per cent of the administered 
hydrocarbon can be recovered from the tissues. 


‘Salt Mixture 2, U. 8. P., Nutritional Biochemicals Corporation. 
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2. It has been demonstrated that squalene is synthesized by the tissues 


of the rat. Both carbon atoms of acetic acid are utilized in this process, 


3. Squalene is a normal constituent of rat liver. It occurs in small con. 


centrations and is regenerated at a rapid rate. 


NO Whe 
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THE UTILIZATION OF SQUALENE IN THE BIOSYNTHESIS 
OF CHOLESTEROL* 


By ROBERT G. LANGDON{ anp KONRAD BLOCH 


(From the Department of Biochemistry and the Institute of Radiobiology and 
Biophysics, University of Chicago, Chicago, Illinois) 


(Received for publication, July 28, 1952) 


It has been adequately demonstrated that acetic acid is the principal 
ultimate carbon source in the biosynthesis of cholesterol (1, 2) and ergos- 
terol (3). Evidence also exists that acetoacetic acid may be utilized di- 
rectly for the synthesis of cholesterol by animal tissues (4). However, the 
nature of intermediates of larger molecular weight has remained obscure. 
After elucidating the structure of the terpenoid hydrocarbon squalene, Heil- 
bron et al. in 1926 suggested that this compound might be an intermediate 
in the biosynthesis of steroids (5). Balance studies which were carried out 
to test this hypothesis gave conflicting results (6-8). 

In the preceding paper (9) the biological synthesis of squalene from ace- 
tate has been described. Labeled squalene can therefore be prepared bio- 
synthetically, and with the aid of such material a very efficient conversion 
of the hydrocarbon to cholesterol by mammalian tissue has been demon- 
strated. Attempts to obtain C'4-squalene by organic synthetic methods 
have been unsuccessful because the available methods lead to isomeric 
hydrocarbons which are biologically inactive. Preliminary reports of this 
work have appeared (10, 11). 


RESULTS AND DISCUSSION 


The material which has been employed to study the biochemical relation- 
ship between squalene and cholesterol is the labeled hydrocarbon obtained 
from the livers of rats which had been fed 1-C"-acetate together with natu- 
ral squalene. Evidence for the identity of this hydrocarbon with natural 
squalene has been presented in the preceding paper (9). The hydrocarbon 
is further characterized by the infra-red absorption spectrum (Fig. 1) which 
closely resembles that of natural squalene from shark liver oil (Fig. 3, J). 

The results of two experiments in which biosynthesized C4-squalene was 
fed to mice are shown in Table I. It is seen that all the sterol samples 


* This work was aided by a grant-in-aid from the Life Insurance Medical Research 
Fund. Part of the data was taken from a thesis submitted by Robert G. Langdon 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy in 
the Department of Biochemistry, University of Chicago. 

t Postdoctorate Research Fellow of the United States Public Health Service. 
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isolated contained significant quantities of isotopic carbon. The specific 
activities were not affected by successive purification steps and therefore 
the isotopic label must reside in cholesterol. About 50 per cent of the 
administered C™ was found in the fecal lipides, indicating that the absorp- 
tion of squalene from the gut was incomplete. It may be estimated that 
approximately 8 per cent of the absorbed squalene had been converted to 
liver cholesterol. An additional 8 to 12 per cent of the absorbed squalene 
could be recovered in the form of carcass cholesterol.! This represents a 
conversion efficiency approximately 20 to 40 times as great as that observed 
for the utilization of acetic acid in mice. Data for isovalerate, heretofore 
the most efficient carbon source in steroid biosynthesis (12) in the intact 
animal, are available only for the rat. If it is assumed that the relative 
efficiencies of acetate and isovalerate are the same in the mouse as in the 


SQUALENE SAMPLE 
| lA-I-4 


3 4 5 6 7 8 9 10 i 12 
Fic. 1. Hydrocarbon isolated from the liver and gut of rats after the feeding of 
shark liver squalene. 


rat, then squalene exceeds the efficiency of isovalerate by a factor of 6. 
Assuming from the data of Rittenberg and Schoenheimer (13) and Pihl et 
al. (2) a half time value of 3 to 5 days for the liver cholesterol of mice, it 
may further be calculated that approximately one-fifth to one-third of the 
liver cholesterol which was synthesized during the test period had its origin 
in the squalene fed. Specificity of the conversion process is indicated not 
only by the high efficiency but also by the virtual absence of radioactivity 
in the fatty acids. All compounds which have previously been found to 
serve as sources of cholesterol carbon in the intact animal have also been 
shown to contribute appreciable quantities of carbon for fatty acid synthe- 
sis, indicating that these compounds are metabolized at least partially by 
way of 2-carbon intermediates. The virtual absence of C' in the fatty 
acids precludes such a pathway in the conversion of squalene to cholesterol. 


1 These recoveries must be regarded as minimum values because no attempts were 
made to isolate cholesterol quantitatively or to isolate the hydrocarbon fractions 
from the tissues of these animals. 
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Brief mention may be made of an experiment which further implicates 
squalene in steroid biosynthesis. The purpose of this experiment was to 
determine the effect of exogenous squalene upon cholesterol synthesis in 
vitro. If squalene were an intermediate in this process, it would be ex- 
pected to depress the incorporation of acetate into the steroid. Livers 
from rats which had received natural unlabeled squalene in the diet and 


TABLE | 
Feeding of Biosynthetic C'4-Squalene; 2080 C.p.m. 


Experiment 1* Experiment 2f¢ 


| Isotope Specific | Isotope 
| | | | 
Liver + gut Cholesterol digi- 21.7 132] 4.1. | 152i] | 3.6 
lipides tonide | | | | | 
Regenerated | 121 | 158 
cholesterol | | | | | 
Cholesterol | | | | 
dibromide | | | 
Fatty acids 41.0 6 
Careass lipides Crude steroid 2.0; 41 | 6.1 | 35.3] 2 4.6 
Cholesterol digi- 63.7 33.9 89 36|| 3.6 
tonide | | 
Cholesterol di- | 48 | | 37 
bromide | | | | 
Fatty acids i214 | O 
Fecal lipides | 54 | | 


* 4 mg. of squalene fed per day for 2 days to a 12 gm. mouse. 

+t 5 mg. of squalene fed per day for 2 days to a 28 gm. mouse. 

t Counts per minute of an infinitely thick BaCO; sample. 
mM carbon isolated S.A. of compound isolated 

§ x 100. 

mM squalene carbon fed X S.A. squalene 


|| Caleulated for free cholesterol. 
{ The fecal lipides were assumed to have a carbon content of 80 per cent. 


livers from control rats were sliced and the incorporation of 1-C'-acetate 
and 1-C-ethanol into the lipides of the sliced tissue was determined. The 
data in Table II reveal that the feeding of squalene depresses by a factor 
of 100 the isotope incorporation into liver cholesterol. In contrast, the 
isotope concentration in the fatty acids amounts to one-half of the control 
values; this is within the range of variation normally encountered among 
different animals and cannot be regarded as being an effect of squalene. 
Since labeled squalene is rapidly converted to cholesterol in the intact 
animal, it appears likely that the suppression of acetate incorporation into 


| ‘ 
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cholesterol observed here is the result of preferential utilization of squalene 
as a cholesterol precursor. 

The present findings demonstrate an efficient and specific utilization of 
squalene carbon for cholesterol biosynthesis. The possibility that squalene 
is an intermediate in the transformation of small units to the steroid struc- 
ture may be considered in the light of existing knowledge concerning choles- 
terol biosynthesis. Recently the distribution pattern of the methyl] and 
carboxyl carbons of acetate in the isooctyl side chain and in some positions 
of the ring structure of cholesterol has been determined (14-16). The 
results of these studies are shown in Fig. 2. 

On the basis of this distribution it was suggested that cholesterol might 
arise by the condensation of isoprenoid units (16). Squalene is composed 


TaB_e II 
Synthesis of Cholesterol by Liver Slices from Rats Fed Squalene and Control Rats 
Experiment No. | Squalene fed* | 
tf | 0 | 3990 8450 
2t | = | 39 4160 
3§ 0 | 3285 | 
4§ | - | 61 | 


* The animals used in Experiments 1 and 3 received a stock diet. Those used in 
Experiments 2 and 4 received in addition 0.4 gm. of carrier squalene per rat per day 
for 2 days. 

t Counts per minute of infinitely thick BaCO, samples. 

t Substrate 0.005 m 1-C'*-acetate; specific activity, 5 X 10° ¢.p.m. 

§ Substrate 0.004 m 1-C'*-ethanol; specific activity, 1 K 10° ¢.p.m. 


of 6 isoprene units and has in the past been suggested as a cholesterol pre- 
cursor (5-7). If the isoprene units of squalene were synthesized from ace- 
tate in the same manner as the terminal 5-carbons of the cholesterol side 
chain, then squalene would contain 18 methyl] and 12 carboxy! carbons of 
acetate. In accord with this hypothesis, both carbon atoms of acetate 
have now been found to serve as carbon sources in the biosynthesis of 
squalene (9). Robinson (17) has proposed a direct cyclization of the hy- 
drocarbon to the steroid molecule, as indicated in Fig. 2. If this mecha- 
nism were correct, not only would the carbon skeletons of squalene and 
cholesterol coincide, but the postulated distribution of acetate carbons in 
squalene would be identical in every detail with that found experimentally 
in cholesterol. In the course of this transformation the branched methy! 
groups that are attached to carbon atoms corresponding to positions 4, 13, 
and 14 of cholesterol would have to be eliminated. The resulting product 
would contain the methyl and carboxyl carbons of acetate in a ratio of 
15:12. This ratio is identical with that found experimentally for the whole 
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cholesterol molecule with doubly labeled acetate (15). Thus the hypoth- 
esis that squalene is an intermediate in the conversion of acetate to choles- 
terol is in accord with all experimental data. However, the evidence for 
the scheme depicted in Fig. 2 is so far indirect. 

Squalene synthesized biologically from radioactive acetate may be as- 
sumed to be randomly labeled and is for this reason not suitable for mecha- 


o: ACETATE CH3 
x: ACETATE COOH 


CHOLESTEROL 


Fic. 2. Upper drawing, distribution of acetate carbons in cholesterol; lower 
drawing, postulated distribution of acetate carbons in squalene. 


nism studies. Attempts were therefore made to prepare squalene labeled 
in selected positions by organic synthesis. Labeled geranylacetone was 
condensed with 1 ,4-dibromobutane, as described in the experimental sec- 
tion. The product of this reaction was the 1 ,6-glycol (18), which could 
be converted to squalene hexahydrochloride. Dehydrohalogenation of this 
derivative by pyridine yielded a hydrocarbon having the same boiling point 
and refractive index as natural squalene. However, this labeled hydro- 
carbon, in contrast to the biologically synthesized squalene, was inert in 
cholesterol synthesis in vivo. After the feeding of this compound to mice 
at a level of 20 mg. per 100 gm. per day for 2 days, the cholesterol isolated 
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from the livers of these animals was found to be devoid of radioactivity, 
The 1,6-glycol obtained in the course of the synthesis was fed for 4 days 
in doses of 40 mg. per 100 gm. per day. The compound was absorbed but 
conversion to cholesterol did not occur. ‘“‘Squalene”’ containing 9.35 atoms 
per cent excess deuterium was prepared by conversion of natural squalene 
to squalene hexadeuteriochloride and subsequent dehydrohalogenation of 
the derivative with pyridine. This regenerated hydrocarbon was likewise 
fed to rats at a level of 40 mg. per 100 gm. per day for 4 days. The liver 
cholesterol from these animals, as in the experiment with synthetic C™- 
“squalene,” did not contain a significant excess of isotope. Since in the 
case of the deuterio compound natural squalene was the starting material, 
it was suspected that treatment of the hexahydrochloride with pyridine 
led to a hydrocarbon which was not identical with natural squalene. ‘This 
conclusion was confirmed by the following experiment. A portion of the 
biologically prepared C'-squalene which had been found to be efficiently 
utilized for cholesterol biosynthesis was converted to squalene hexahydro- 
chloride. The hydrochloride was dehydrohalogenated with pyridine, and 
the resulting hydrocarbon was isolated by alumina chromatography. It 
was fed at a level of 16 mg. per 100 gm. per day for 2 days. No radioae- 
tivity was present in the cholesterol isolated from the pooled liver and gut. 
The extent of conversion of this hydrocarbon to cholesterol must have been 
less than 5 per cent that of natural squalene. Passage of biologically active 
squalene through the hydrochloride had rendered it inert for cholesterol 
biosynthesis. These results suggest that a specific double bond sequence 
and possibly also a specific geometrical configuration are necessary for bio- 
logical utilization of squalene. Chemical manipulation of the molecule 
appears to cause the formation of either structural isomers or steric isomers, 
or both. That structural isomerization does indeed occur during regenera- 
tion of squalene from the hexahydrochloride is demonstrated by the infra- 
red absorption spectra of various ‘‘squalene’”’ preparations. The spectrum 
of squalene from shark liver oil is shown in Fig. 3, J (see also Thompson 
and Torkington (19)). The hydrocarbon obtained after the passage of 
natural squalene through the hexahydrochloride gave the spectrum shown 
in Fig. 3, JJ. Thespectrum of synthetic “‘squalene,”’ not reproduced here, 
is identical with that shown in Fig. 3, //. The differences in the regions 
of 6.05 and 11.18 my can be interpreted as resulting from a double bond 
shift, as shown below. 


R—C==CH—CH.—R! > 
| | 
CH, CH; 


It is conceivable that, in addition to a specific double bond sequence, a 
unique cis-trans configuration, as in the carotenoids (20), is also necessary 
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for biological utilization. However, the importance of this steric factor 
cannot be assessed at the present time. 

The major effort in the study of steroid biosynthesis during recent years 
has been directed toward the identification of intermediates in the conver- 
sion of acetate to cholesterol. The distribution pattern of acetate carbon 
in cholesterol led to the hypothesis that such intermediates might be iso- 
prenoid in nature. The present findings (9) clearly establish that the iso- 
prenoid hydrocarbon squalene, like cholesterol, is synthesized in rat tissue 


I SQUALENE REDISTILLED 
NATURAL 


1.0 
REGENERATED ‘SQUALENE 
l l L l l l l 


Fic. 3. J, Infra-red spectrum of natural squalene from shark liver; //, infra-red 
spectrum of ‘‘squalene’’ regenerated from squalene hexahydrochloride. 


from acetate as a carbon source. The normally low concentration and the 
rapid rate of synthesis of the hydrocarbon are properties exhibited by active 
intermediates in metabolism. Squalene itself is converted to cholesterol 
at a rapid rate and with a high degree of specificity. Thus, all available 
evidence is compatible with the earlier hypothesis that this hydrocarbon 
lies on the direct path of steroid synthesis from acetate. 


EXPERIMENTAL 


Materials—Biosynthetic C-squalene, having a specific activity of 2080 
c.p.m. (9), was obtained by isolating the hydrocarbon fraction from the 
livers of rats which had been fed 1-C-acetate together with carrier squa- 
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lene. Evidence for the identity of this material with squalene has been 
presented (9). 

Synthetic C'-““Squalene’’—1-C'*-Sodium acetate was prepared by car- 
boxylation of methylmagnesium bromide with C™O, (21). Ethyl acetate 
was prepared by the interaction of sodium acetate and ethyl sulfate (22), 
The ethyl acetate was then condensed to ethyl acetoacetate under the 
influence of sodium triphenylmethyl (23). The resulting acetoacetic ester 
was coupled with gerany] chloride, with sodium ethoxide as the condensing 
agent (24). The geranyl acetoacetic ester was saponified with barium hy- 
droxide, and the free acid was decarboxylated to yield geranylacetone. 
The 2-C'*-geranylacetone was allowed to react with 1 ,4-dibromobutane as 
described by Schmitt (25). The product of this reaction was the 1 ,6- 
glycol (18), b.p. 165-183° at 0.01 mm., n3° 1.4875. From this glycol a 
crystalline hydrochloride was prepared which was identical with squalene 
hexahydrochloride. The hydrochloride was dehydrohalogenated by heat- 
ing with pyridine under a reflux, and the resulting hydrocarbon was isolated 
by alumina chromatography. The specific activity of this material was 
7950 e.p.m. 

Deuterium-Labeled ‘“‘Squalene’’—0.8 mole of DCl, generated by the 
method of Brown and Groot (26), was allowed to pass through a solution 
of 16 gm. (0.039 m) of natural squalene in 70 ml. of dry ethyl ether at —5°. 
The reaction mixture was allowed to stand overnight at 0°. The precipi- 
tate was collected, washed well with dry ether, and dried in vacuo. The 
hydrochloride was then refluxed for 16 hours with pyridine under a stream 
of nitrogen. The resulting hydrocarbon was distilled twice and the frac- 
tion boiling from 160—170° at 0.02 mm. was used in the feeding experiment. 
This hydrocarbon contained 9.35 atoms per cent excess deuterium. 

Analyses—All C™ analyses were performed as previously described (4). 
Deuterium analyses were carried out after conversion of the hydrogen of 
the organic compounds to hydrogen gas by the method of Graff and Rit- 
tenberg (27). The abundance of mass 3 was measured in a Consolidated- 
Nier isotope ratio mass spectrometer. 

Infra-red spectra were determined for 10 per cent solutions of the hydro- 
carbons in chloroform. We are indebted to Dr. Harold Boaz and Dr. 
Thomas V. Parke of the Lilly Research Laboratories for performing these 
infra-red analyses, and for interpreting the spectra. 

Isolation Procedures—All the tissues were saponified by heating under a 
reflux with 10 per cent KOH in 50 per cent ethanol for 4 to 6 hours in a 
stream of nitrogen. The non-saponifiable fraction was extracted with pe- 
troleum ether, and the volume of the extract was reduced to approximately 
30 ml. This was then poured onto a 1.5 K 15 em. alumina column. ‘The 
hydrocarbons were washed through the column with 150 ml. of petroleum 
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ether and the steroids were eluted with 150 ml. of 1:1 acetone-ether. Cho- 
lesterol was isolated from the sterol fraction by precipitation with digitonin. 
The digitonide was decomposed with pyridine and the free cholesterol was 
crystallized and then converted to the dibromide (28). The fatty acids 
were isolated by petroleum ether extraction of the acidified saponification 
mixture. 


Liver Slice Procedures—In each 125 ml. incubation flask were placed 1.5 


gm. of liver slices and 10 ml. of Krebs-Ringer phosphate buffer, pH 7.4. 
To this were added either 5 mg. of 1-C'*-potassium acetate or 2 mg. of 
1-C"-ethanol. The tissues were incubated in oxygen at 37° for 4 hours 
with shaking. 


SUMMARY 


1. C'*-Squalene prepared biosynthetically from acetate is efficiently con- 


verted to cholesterol in the tissues of the mouse. 


2. The preparation of C'*-“‘squalene”’ and of deuterium-labeled ‘“‘squa- 


lene’ is described. These compounds, which are shown to be structural 
isomers of the naturally occurring hydrocarbon, are not utilized in steroid 
biosynthesis. 


3. The réle of squalene as an intermediate in cholesterol biosynthesis is 


discussed. 


The authors are indebted to Dr. Stephen Rothman for suggestions and 


helpful discussions during the course of this work. 
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HEXOKINASE IN HIGHER PLANTS 


By PAUL SALTMAN* 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, August 4, 1952) 


There has been in recent years a rapid expansion of our knowledge of the 
carbohydrate metabolism of higher plants. Hexokinase, an enzyme of 
importance in the carbohydrate metabolism of other organisms, has not, 
however, been unambiguously demonstrated in the higher plant. This 
paper will report on the demonstration, separation, and characterization 
of hexokinase from wheat germ, and on the distribution of this enzyme in 
several other higher plants. 

A recent review by Stumpf (1) has summarized the evidence for the 
existence in plants of the Embden-Meyerhof glycolytic pathway. Several 
recent papers have confirmed this view with the finding of phosphofructo- 
kinase (2) and phosphoglyceric acid kinase.'!. Attention has also been fo- 
cused recently on a separate oxidative pathway for the metabolism of 
carbohydrates. Axelrod and Bandurski? have demonstrated in spinach 
leaves, as in yeast (3) and animal tissue (4), that G-6-P* is oxidized to 
6-phosphogluconic acid, then to pentose phosphate, and eventually to py- 
ruvate. A key compound in the breakdown of carbohydrates by the oxi- 
dative, as well as by the glycolytic pathway, is G-6-P. Hexokinase, which 
catalyzes the formation of G-6-P from glucose and ATP, has hitherto 
received little attention in higher plants. 

The literature on hexokinase in yeast and animal tissue is extensive and 
several reviews are available (5, 6). In the case of plants, Bonner and 
Wildman (7) have shown that hexose diphosphate is formed when spinach 
mince is incubated with ATP and hexose, from which the presence of 
hexokinase can be inferred. Griffiths (8) notes the presence of hexokinase 
in potatoes; the experimental technique used is not, however, definitive for 
the measurement of hexokinase activity in the presence of phosphorylase. 
Kotelnikovna (9) also reported the occurrence of the enzyme in potato 
tuber, but her assay method, which measures the change in 7 minute labile 


* Du Pont Predoctoral Fellow in Biology. Report of work supported in part by 
the Herman Frasch Foundation for Agricultural Chemistry. 
1 Axelrod, B., and Bandurski, R. S., unpublished experiments. 


? Unpublished experiments. 
*The following abbreviations are used: glucose-6-phosphate, G-6-P; adenosine- 


triphosphate, ATP; tris(hydroxymethyl)aminomethane, Tris. 
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phosphate, is not specific for the reaction studied. A recent report by 
Meeuse e¢ al. (10) mentions without detail that the enzyme has been found 
in potato tubers. 

The finding of Millerd et al. (11) that mung bean mitochondria are 
capable of synthesizing hexose phosphates in the course of oxidative phos- 
phorylation is indicative of the existence of a particulate hexokinase. It 
will be shown that hexokinase occurs in the plant associated with the 
mitochondria as well as in a soluble form. 


Materials and Methods 
Assay for Hexokinase Activity 


Two methods were used for the measurement of hexokinase activity. 
The first involves precipitation and removal of the hexose phosphates 
formed from hexose and ATP, followed by determination of the residual 
free hexose. This is the modification of the procedure of Nelson (12), 
described by Brown,‘ in which after 10 minutes incubation of the reaction 
mixture the reaction is stopped by the addition of Ba(OH):. and ZnSQ,. 
Residual glucose is measured by the method of Somogyi (13). A control 
without ATP is also carried out, and the activity is expressed on the basis 
of the net difference in free glucose over the control. 

Because an active ATPase is associated with the mitochondrial hexo- 
kinase, KF must be added to suppress its activity. The reaction mixture 
of 1.5 ml]. contains ATP (0.01 M), glucose (0.0033 m), MgCl. (0.01 m), Tris 
buffer (0.06 mM), pH 8.0, KF (0.01 mM), and enzyme. 

A second method for assay is the manometric technique of Colowick and 
Kalckar (14). The reaction is carried out in 0.02 m bicarbonate buffer at 
pH 7.5. For each mole of phosphate transferred from ATP to the acceptor, 
1 acid equivalent is generated, and, hence, 1 mole of CQOz is liberated. 
This method was used for the investigation of acceptors other than glucose. 


Preparation of Enzyme 


Wheat germ was found to be a satisfactory source of both the insoluble 
and soluble form of hexokinase.*® 

The insoluble or mitochondrial fraction was prepared as follows: 15 gm. 
of wheat germ and 60 ml. of cold 0.5 mM mannitol were homogenized with 
sand in a cold mortar. The mixture was centrifuged at 500 xX g for 10 
minutes to remove starch and cell débris. The supernatant fluid was 
removed and recentrifuged at 18,000 X g for 15 minutes, and the super- 
natant fluid from this centrifugation was removed by suction. The residue 


* Unpublished experiments. 
5 A wheat germ suitable for this was obtained from General Mills, Inc. 
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was resuspended in 20 ml. of 0.5 M mannitol and recentrifuged at 18,000 
x g tor 10 minutes, the supernatant fluid was again removed, and the 
residue suspended in 5.0 ml. of cold distilled water. ‘This suspension was 
used as the enzyme. It may be stored at 2° for 10 days with the loss of 
about 10 per cent of the original activity. 

The soluble fraction was obtained by extracting the wheat germ with 4 
times its weight of cold water for 30 minutes at 2° with agitation. The 
mixture was centrifuged at 18,000 x g for 20 minutes, and the cloudy 
supernatant fluid was decanted, adjusted to pH 5.5 with N acetic acid, and 
immediately centrifuged. The precipitate was discarded and the clear 
supernatant fluid was brought to pH 7.0 with N KOH. A saturated solu- 
tion of ammonium sulfate, pH 7.0, was added to bring the supernatant 
solution to 55 per cent saturation with respect to ammonium sulfate and 
the resulting precipitate discarded. Additional saturated ammonium sul- 
fate was added to bring the enzyme solution to 65 per cent saturation, and 
the precipitate was collected by centrifugation, dissolved in distilled water, 
and dialyzed overnight against distilled water. 

By this procedure a 5-fold increase in the specific activity was obtained. 


Results 
Distribution of Hexokinase in Tissues of Higher Plants 


That hexokinase is widely distributed in higher plants is evident from 
the data of Table I. In Table I data are also provided on the partition of 
enzyme between insoluble and soluble forms, a partition which varies from 
tissue to tissue. In each case the material was prepared as described above 
for wheat germ unless otherwise indicated. The supernatant fluid and the 
washings of the particulate residue were combined and assayed as the 
soluble fraction; the particles were suspended in water and considered as 
the insoluble fraction. Leaf tissue was homogenized with sand and 0.1 mM 
phosphate buffer in 0.4 M mannitol. Seeds were ground to No. 40 mesh in 
a Wiley mill before homogenization. 

The proportion of soluble hexokinase appears to depend markedly on 
the method of preparation. Thus, when potato tubers were ground with 
sand in the cold according to the procedure found to be optimum for the 
preparation of intact plant mitochondria (11), all hexokinase activity was 
associated with the particles. When, by contrast, the tubers were homog- 
enized in a Waring blendor for 3 minutes, over two-thirds of the enzyme 
appeared in the soluble form. 

In the case of wheat germ, the proportion of soluble to particle-bound 
hexokinase was found to depend on the treatment of the tissue prior to 
homogenization. With commercial, steam-rolled germ about 67 per cent 
of the enzyme appears to be soluble. If, however, wheat germ was pre- 
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pared by hand dissection of embryos from wheat seeds, more of the activity 
remained associated with the mitochondria. A report by Crane and Sols 
(15) indicates a similar distribution of hexokinase between an insoluble 
and a soluble fraction in mammalian brain tissue. 


Effect of pH on Activity 


Hexokinase is active over an unusually wide range of pH as is shown in 
Fig. 1. Remarkably enough, the curve possesses a double maximun, a 
fact which has been repeatedly verified. In this respect the behavior of 
hexokinase resembles that of the phosphohexokinase of pea seed (2). The 
standard assay procedure was carried out at pH 8.0, since the relative 
broadness of the peak in this range makes precise pH control unnecessary, 


TABLE I 
Distribution of Hexokinase in Soluble and Insoluble Fraction of Several Tissues 


Wheat germ (commercial).......... 46.8 33 93.6 67 

 — | 100.8 68 46.8 32 
16.2 100 0.0 0 

Pea seed (var. Alaska)............. 6.1 30 13.8 70 
16.4 28 42.0 72 

14.0 19 61.0 81 
1.3 28 | 3.4 72 


*1 unit = 1 mole of glucose phosphorylated per 10 minutes in 1.5 ml. of standard 
reaction mixture. 


Effect of Substrate Concentrations 


Affinities of plant hexokinase for its substrates were determined by utiliz- 
ing standard reaction mixtures containing varying concentrations of either 
glucose or ATP. The relationship between the concentration of the indi- 
vidual reactants and initial reaction rate is shown in Fig. 2. The 
Of 4.4 X 10-4 and Karp) of 8.7 10-4 were calculated from 
the data analyzed by the method of Lineweaver and Burk (16). 


Metal Requirements 


Magnesium ions are essential to activity of plant hexokinase. Fig. 3 
shows the relationship of reaction rate to the concentration of Mg*t. At 
a concentration of ATP of 0.01 mM, the optimum concentration of Mg** 
was found to be 0.01 m. This is in agreement with the observation of 
Hers (17) for fructokinase from liver in which a 1:1 relationship of Mg** 
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Fig. 1. Effect of pH of reaction mixture on hexokinase activity. The reaction 
mixture of 1.5 ml. contained ATP (0.01 m), glucose (0.0033 m), MgCl. (0.01 m), KF 
(0.01 m), enzyme, and Tris buffer (0.06 m) at the various pH indicated. Reaction 


time, 10 minutes; temperature, 37°. 
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Fig. 2. Effect of glucose and ATP concentrations on hexokinase activity. Assay 
conditions as for Fig. 1. Right-hand section shows Lineweaver-Burk plots from 


which the K,, values were calculated. 
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to ATP was found to be optimum. Since MgSO, and MgCl, are inter- 
changeable, the activation is due only to the cation. 

MnCl. was found to activate plant hexokinase 80 per cent as effectively 
as MgCl. at 0.01 M. CoCl: was completely ineffective, while CuSO,, ZnCl, 
and HgCl. were potent inhibitors as will be shown below. K+, Na*, and 
NH*, showed very little effect either as activators or inhibitors. 


MICROMOLES GLUCOSE 
PHOSPHORYLATED /10 MIN. 


(Mg**) MOLES /LITER 
Fia. 3. Effect of Mg** concentration on hexokinase activity. Conditions as in 
standard assay except for Mg** concentrations. 


Temperature Optimum and Energy of Activation 


The temperature optimum for the insoluble hexokinase was found to be 
37°, as determined by a 10 minute incubation of the enzyme in the standard 
reaction mixture at a series of different temperatures (Fig. 4). A calcula- 
tion of the energy of activation based on the low temperature portion of the 
plot of log activity versus reciprocal of absolute temperature yields a value 
of 11,670 calories per mole (Fig. 5). 


Substrate Specificity 


The insoluble plant hexokinase is capable of phosphorylating glucose, 
fructose, mannose, and glucosamine. ‘The relative rates of phosphorylation 
with a concentration of acceptor of 0.0033 m in the standard reaction 
mixture are respectively 1.00, 0.62, 0.68, and 0.52. 

The following substrates were completely ineffective as acceptors: galac- 
tose, ribose, arabinose, ribulose, adenosine, glyceraldehyde, dihydroxyace- 
tone, mannitol, and glucose-l-phosphate. The ability of sucrose to act as an 
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acceptor could not be ascertained because of the presence of invertase in 
the particulate preparation. 

Inosine triphosphate is 35 per cent as effective as ATP as a phosphate 
donor in the reaction. Adenosinediphosphate and adenosine monophos- 
phate show a low activity which may be ascribed to the presence of ad- 
enylate kinase on the particles. Potassium pyrophosphate was ineffective. 


Inhibitors 


A number of substances were tested for their inhibitory effect on hexo- 
kinase, and the following were found ineffective: KH2AsOy, (0.005 mM), NaF 
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Fic. 4. Effect of temperature on hexokinase activity. Conditions as in standard 
assay except that temperature was varied. 

Fic. 5. Graphical determination of energy of activation of G-6-P synthesis by 
hexokinase. Energy of activation, 11,670 calories per mole. 


(0.05 m), NaN; (0.005 m), sodium pyrophosphate (0.005 M), iodoacetic 
acid (0.005 M), iodoacetamide (0.001 mM), and maleic hydrazide (0.005 o). 
The plant growth substances indoleacetie acid (0.005 M) and 2,4-dichloro- 
phenoxyacetic acid (0.005 mM) were also without influence on hexokinase 
activity in vitro. 

Data concerning the effective inhibitors are summarized in Table II. 

It appears that substances which influence —SH groups exert only a 
small effect on plant hexokinase. This indicates that the insoluble hexo- 
kinase of higher plants is not markedly dependent upon functional —SH 
groups for activity. In this respect plant hexokinase resembles the hexo- 
kinase of yeast (Slein et al. (6)).. Zn*++ was found to be a non-competitive 
inhibitor. 


DISCUSSION 


The characteristics of the hexokinase of higher plants more closely ap- 
proximate those of yeast hexokinase than those of the mammalian enzyme. 
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This parallelism consists in lack of dependence on functional —SH groups 
for activity, acceptor specificity, and in energies of activation. 

Soluble hexokinase was examined with respect to its K(giueose), Specificity 
of acceptors, and its behavior toward inhibitors. The data presented in 


TABLE II 
Inhibitors of Particulate Hexokinase in Standard Assay 
Substance | Concentration Inhibition 
| M per cent es: 
| 5 X 1073 62 
p-Chloromercuribenzoic acid.......... 10-4 24 
Sodium tripolyphosphate............. | 5 X 10-3 8 
Glucose-6-phosphate.................. | 5 X 10-3 17 
TABLE III 
Comparison of Particulate and Soluble Hexokinase from Wheat Germ 
Particulate Soluble 
Acceptor specificity, glucose, mannose, fructose, 
glucosamine 
M per cent inhibition per cent inhibition 

p-Chloromercuribenzoic acid... 0.0001 24 31 


Table III indicate the striking similarity between the insoluble and soluble 


form. 


Although in many tissues a considerable fraction of the hexokinase activ- 
ity appears in the soluble form, the experiments with potato and wheat 
germ (see Table I) suggest that the major part of the activity may be 
associated in vivo with the mitochondria and that it is only inability to 
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prepare the enzyme in a sufficiently delicate fashion that results in its 
solubilization. 

That hexokinase should be present in the tissues of several higher plants 
both in an insoluble and in a soluble form is an interesting facet of the 
carbohydrate metabolism. As has been shown with mung bean, not only 
does esterification of phosphate in the energy-rich bond of ATP take place 
on the plant mitochondria, but the mitochondria can also use this ATP for 
the synthetic reaction mediated by hexokinase. It has also been demon- 
strated (Bonner and Millerd (18)) that the endogenous hexokinase of the 
mitochondria of mung bean hypocotyl sustains the maximum rate of oxi- 
dative phosphorylation in the presence of limiting amounts of adenylate 
with glucose as the acceptor. Addition of wheat germ hexokinase or yeast 
hexokinase showed no stimulatory effect on either the rate of oxidation or 
phosphate esterification. 


SUMMARY 


1. Hexokinase has been demonstrated to occur in a variety of higher 
plants. 

2. The activity is distributed between an insoluble and soluble fraction, 
the distribution being dependent upon the tissue studied and the method 
of preparation. 

3. The soluble and insoluble enzymes are similar with respect to the 
several criteria examined. 

4. The soluble hexokinase from wheat germ has been partially purified. 

5. Wheat germ hexokinase has been characterized with respect to pH 
optimum, substrate affinities, substrate specificities, metallic cofactors, and 
inhibitors. 
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EFFECT OF LOW PROTEIN DIET AND FASTING ON NUCLEIC 
ACID METABOLISM IN THE RAT* 


By JOHN A. D. COOPERT 


(From the Department of Biochemistry, Northwestern University Medical School, 
Chicago, Illinois) 


(Received for publication, August 1, 1952) 


Davidson (1), Kosterlitz (2), and Campbell and Kosterlitz (3) have 
reported that protein-free diets or fasting result in a decrease in the ratio 
of ribonucleic acid phosphorus (RNAP) to desoxyribonucleic acid phos- 
phorus (DNAP) in rat liver. Under these conditions, an increase in the 
relative specific activity of liver RNAP, following administration of radio- 
phosphorus (4, 5) and incorporation of isotopic nitrogen into liver ribo- 
nucleic acid (6), has also been found. 

Lack of information on the effect of diet and fasting on the content and 
rate of incorporation of radiophosphorus into the nucleic acids in other 
organs prompted the present study. 


EXPERIMENTAL 


Female rats of the Sprague-Dawley strain weighing between 200 and 
250 gm. were employed. The animals were divided into three groups. <A 
control group was maintained on the Rockland rat diet containing 21 per 
cent protein for 3 weeks. There was an average weight gain of 74 gm. 
during the period. Another group of animals was placed for 3 weeks on an 
8 per cent casein diet, whose composition is as follows: lard 15, casein 8, 
sucrose 65, salt mixture 3,! and brewers’ yeast 5 per cent, percomorph oil 
30 drops per kilo of diet, and ground cellophane 4 per cent. 

These animals showed an average weight gain of 32 gm. during the 
period. A third group of animals which had been maintained on the 
Rockland rat diet was denied food for 96 hours, but was given free access to 
water. Care was taken to prevent coprophagy. The animals had an 
average weight loss of 22 gm. during the fast. 

4 hours before sacrifice, the animal was injected intraperitoneally with 


* Supported in part by contract with the Atomic Energy Commission. Presented 
in part at the meeting of the Federation of American Societies for Experimental 
Biology, New York, April 14-18, 1952. 

t John and Mary R. Markle Scholar in Medical Science. 

1 Salt mixtures: NaCl 105, KCl 120, KH:PO, 310, Ca;(PO,). 149, CaCO; 210, 
MgSO, (anhydrous) 90, ferric citrate 16.2, MnSO, 0.2, CuSO,-5H.O 0.4, NaF 0.57, 
KI 0.13, 0.09. 
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2 ue. of radiophosphorus as sodium phosphate? per 100 gm. of body weight. 
The animal was anesthetized with ether and exsanguinated through the 
abdominal aorta. The liver, kidneys, spleen, and the duodenum and first 
portion of the jejunum were quickly removed and frozen in a dry ice- 
acetone mixture. The intestine was washed free of contents with distilled 
water before freezing. Weight samples were homogenized in ice water with 
a Potter-Elvehjem homogenizer and the isolation of the acid-soluble phos- 
phorus (ASP), RNAP, and DNAP was carried out by a modification of the 
method of Schmitt and Thannhauser (7). Phosphorus was determined in 
each fraction by the method of Gomori (8). By using standard counting 
procedures, the radiophosphorus content was determined on aliquots of 
each fraction dried in cupped planchets. 


Results 


The results obtained are given in Table I. The phosphorus content of 
the various fractions is expressed as mg. of phosphorus per 100 gm. of wet 
tissue. The radiophosphorus content of the ASP fraction is expressed in 
terms of specific activity which represents the percentage of the injected 
dose of P®? present per mg. of phosphorus in the fraction. The radiophos- 
phorus content of the nucleic acid fractions is expressed as relative specific 
activity of the RNAP and DNAP to that of the ASP of the organ. All 
data were analyzed statistically and significance of changes in the experi- 
mental animals as compared to the controls was evaluated by ¢ analysis. 


DISCUSSION 


The only significant changes observed in the group on the low protein 
diet were a 13 per cent decrease in both RNAP and DNAP of the intestine 
with a 29 per cent decrease in the relative specific affinity of RNAP. There 
was a tendency for the specific activity of the RNAP to be lower than the 
control group in the other three organs. The 8 per cent casein content of 
the low protein diet was apparently sufficient to prevent the changes in 
nucleic acid content which have been previously observed in the liver of 
animals maintained on protein-free diets. 

The 96 hour fast produced an increase in the DNAP content of liver and 
kidney with a decrease in the RNAP to DNAP ratio. These results are in 
agreement with those of Kosterlitz (2) for the liver. He suggested that, 
if the assumption is made that the DNAP content of the cells remains 
constant, these changes can be interpreted by assuming a decrease in the 
RNAP concentration and in cell volume. Ely and Ross (9), on the other 
hand, find an increase in the DNAP content of liver nuclei on low protein 


? Obtained on allocation from the Atomic Energy Commission. 
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or protein-free diets. The information obtained in this study does not 
allow a choice to be made between these two alternative explanations, 
No change in nucleic acid content of the intestine was found. In the 
spleen, there was a 16 per cent decrease in both RNAP and DNAP con- 
tent. This might be explained by the loss of lymphocytes from the spleen 
with a relative increase in larger cells such as those of the reticular stroma. 

All of the organs showed an increase in the specific activity of the ASP 
fraction during fasting. These changes were of the order of 25 per cent for 
the intestine, liver, and kidney, and were significant. The spleen ASP 
showed a smaller change which was not significant. This increased incor- 
poration may be due to a heightened rate of entrance of the P® into the 
cell, or to an increase in the incorporation of P*® into phosphorylated inter- 
mediates of the metabolic processes associated with the increase in protein 
catabolism found in fasting. 

The changes in the relative specific activities of the RNAP and DNAP 
were small and were due primarily to the increase in specific activity of 
ASP. The increase reported by Campbell and Kosterlitz (4) and Singal 
et al. (5) for liver RNAP in animals maintained on protein-free diets was 
not found. 

The decrease in relative specific activity of the RNAP found in fasting 
where protein synthesis would be expected to be diminished is compatible 
with the views of Caspersson (10), Thorell (11), and others on the relation 


of RNA and protein synthesis. 


SUMMARY 


1. Estimations have been made of the content of acid-soluble ribonucleic 
acid and desoxyribonucleic acid phosphorus in various organs of normal 
rats, rats maintained on an 8 per cent protein diet, and animals fasted 96 
hours. The rate of incorporation of radiophosphorus into these fractions 
was also studied. 

2. In the fasted animals, an increase in the DNAP content of liver and 
kidney with a decrease in the RNAP to DNAP ratio was found. There 
was no change in the nucleic acid content of the intestine. The spleen 
showed a decrease in both RNAP and DNAP. 

3. The animals on 8 per cent protein diet showed only a decrease in con- 
tent of RNAP and DNAP in the intestine with a decrease in the relative 
specific activities of the RNAP. 

4. In the fasted animals, an increase in the specific activity of ASP was 
found in all the organs studied. There was no significant change in the 
specific activities of the RNAP and DNAP, but the relative specific activi- 


ties were decreased. 
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BIOSYNTHESIS OF UREA 


IV. FURTHER STUDIES ON CONDENSATION IN ARGININE SYNTHESIS 
FROM CITRULLINE* 


By S. RATNER ann BARBARA PETRACK 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, June 11, 1952) 


It has been shown previously that arginine is synthesized in the mam- 
malian liver (Step II of the ornithine cycle) by the condensation of citrul- 
line with aspartic acid to form an intermediary product which is then 
split by non-hydrolytic cleavage into arginine and fumaric acid (1, 2). 
The enzymes catalyzing the formation and cleavage of the intermediate 
have been separated. Investigations of the ATP-dependent! condensa- 
tion reaction (formation of intermediate), with relatively crude enzyme 
preparations, left doubt as to the stoichiometry of ~ph utilization, and 
suggested that the phosphorylating mechanism was complex (3). In the 
present study, further purification has led to the isolation of two heat- 
labile components, presumably of enzymatic nature. Condensation and 
the transfer of ~ph have been studied with the two purified enzymes. 


EXPERIMENTAL 


In attempting to purify the condensing enzyme, it was suspected that 
losses in activity were due to the removal of an essential factor. It be- 
came evident that two enzymes are necessary in the condensation but 
that one of them was unstable. On further investigation a corresponding 
enzyme, prepared from yeast, was found to replace the unstable liver 
component. With the yeast enzyme available, it therefore became pos- 
sible to purify the relatively stable liver component, and then, in turn, 
to purify the yeast enzyme further. 

Enzyme Assay and Units of Activity—Condensing activity was followed 
by the rate of citrulline disappearance, as previously described (3). 1 
unit represents the removal of 1 uM of citrulline per hour when estimated 
in a 20 minute incubation period at 38°, provided no more than half the 
citrulline has been utilized. The enzymatic activity of the component 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council), the Office of Naval Research, 
and the United States Public Health Service. 

1 The following abbreviations have been used: ATP, ADP, and AMP for adenosine- 
tri-, di-, and monophosphates; PGA for phosphoglyceric acid; ~ph for high energy 
phosphate; TAM for tris(hydroxymethyl)aminomethane. 
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isolated from liver was assayed in the presence of an excess of yeast en- 
zyme, and purified liver enzyme was added in excess in assaying the yeast 
enzyme. Specific activities (units per mg.) were calculated from the pro- 
tein value of one enzyme. 


Purification of Liver Enzyme 


Throughout purification, activity was found to be proportional to en- 
zyme concentration under the conditions indicated above. Although this 
enzyme is the more stable of the two liver components, it does not with- 
stand dialysis or acidification below pH 6 and sensitivity to alcohol fur- 
ther limits the range of fractionation conditions. At all purity levels, 
activity can only be retained by storing concentrated solutions at —20° 
in the presence of ammonium sulfate. Dilutions for assay are made with 
0.006 mM MgSO, immediately prior to testing in order to avoid loss of 
activity. All manipulations were carried out at 0° and each of the three 
main fractionation steps was completed in a single day. To avoid dialy- 
sis, the inhibitory effects of salts on adsorption were partially overcome 
by dilution. 

Extraction and First Ammonium Sulfate Fractionation—Salt fractiona- 
tion was carried out immediately after extraction of 200 gm. of freshly 
prepared ox liver acetone powder, as previously described (3), with the 
following modification to facilitate the handling of large volumes. The 
fraction precipitating at 30 per cent ammonium sulfate saturation con 
tains the splitting enzyme and was removed by centrifugation at 13,000 
r.p.m., since it filters with difficulty. The fractions obtained at 30 to 40 
and 40 to 50 per cent ammonium sulfate saturation were separated by 
suction filtration on a water aspirator in the cold room, with a 24 em. 
Whatman paper, No. 1, and 25 gm. of Hyflo Super-Cel. The filter cake 
obtained from the 40 to 50 per cent cut was extracted four times each 
with 30 ml. of 0.02 M potassium phosphate buffer, pH 7.4, giving a com- 
bined volume of 137 ml. 

Adsorption and Elution with Alumina Cy Gel—All of the above extract 
was diluted with 90 ml. of 0.066 m MgSO,, 450 ml. of 0.1 m NaHCOs,, and 
water to a final volume of 1260 ml. A suspension of alumina Cy (243 
ml.) containing 23 mg. of dry weight per ml. (4) was added and the mix- 
ture stirred intermittently for 20 minutes. The residue containing about 
35 per cent of the protein and 15 per cent of the units was discarded, and 
the supernatant again treated with 720 ml. of alumina suspension as 
above. The residue adsorbed about 90 per cent of the remaining units 
and protein. It was eluted first with 1350 ml. of 0.02 mM potassium phos- 
phate buffer, pH 7.5, with intermittent stirring for 15 minutes at 5° and 
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the eluate discarded. Three additional elutions, each with 1350 ml. of 
0.05 m buffer, removed 65 per cent of the adsorbed units with a 2.5-fold 
purification. The combined eluates, 4050 ml., were brought to 0.6 per 
cent saturation with 1715 gm. of ammonium sulfate. After 2 hours the 
precipitate was removed by suction, for which a 9 em. paper and 0.75 gm. 
of filter aid for each 2 liters were emploved. The combined cakes were 
extracted four times each with 7.5 ml. of 0.1 m TAM buffer, pH 8.4, 
from which a combined supernatant of 37.5 ml. was obtained. 

Adsorption and Elution with Calctum Phosphate Gel—All the extract 
from the above step was diluted with 15.5 ml. of 0.066 m MgS0,4 and 
water to a volume of 380 ml. Adsorption with 244 ml. of prechilled, 
aged, calcium phosphate gel (5), containing 24 mg. of dry weight per ml., 
removed 90 per cent of the units and 60 per cent of the protein. Succes- 
sive fractional elutions were carried out with dipotassium phosphate | y 
use of 312 ml. of 0.01 mM, 250 ml. of 0.02 mM, and 187 ml. of 0.02 m for the 
first three; these were discarded. The next three elutions were carried 
out each with 250 ml. of a 1:1 mixture of 0.05 mM dipotassium phosphate 
and 2 per cent ammonium sulfate and the seventh elution with 250 ml. 
of a 1:3 mixture of 0.1 M phosphate and 2 per cent ammonium sulfate. 

The last four eluates, which contained about 65 per cent of the «d- 
sorbed units, had a combined volume of | liter, and, after adding 20 ml. 
of 0.066 m MgSO,, were brought to half saturation with 360 gm. of am- 
monium sulfate The precipitate was centrifuged at 13,000 r.p.m. and 
taken up in 6 ml. of 0.1 M TAM buffer, pH 8.4. It contained two-thirds 
of the protein of the combined eluates and most of the units. 

The results of a typical fractionation are summarized in Table I, where 
it may be seen that the first salt fractionation caused a 5-fold increase in 
condensing activity and removed the enzyme which splits the interme- 
diate, but results in no separation from the second component of con- 
densation. The two following steps accomplished a progressive separa- 
tion and purification, resulting in a preparation which was about 40 times 
as active as the initial extract. The second component has been removed 
to the extent that the presence of the yeast enzyme produced a 5-fold 
increase in condensing activity. 


Purification of Yeast Enzyme 


As mentioned above, the corresponding liver component appears to be 
quite unstable and its progressive disappearance during fractionation is 
considered to be due as much to loss by inactivation as to removal by 
fractionation. The same enzyme can be readily prepared from slowly 
dried bakers’ yeast, with the advantages that only traces of the comple- 
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mentary component are present in the initial extract? and there is little 
loss of activity on dialysis or acidification to pH 5.0. 

In the presence of purified liver enzyme, activity is proportional to the 
amount of yeast enzyme added, as shown in Fig. 1. Owing to contami- 
nation of the liver enzyme by the component being assayed, the range of 
proportionality is restricted to rather narrow limits. It is consequently 
desirable that the amount of liver enzyme be chosen so as to give a base 


TaBLe I 
Purification of Liver Enzyme 


For details of the fractionation procedures see the text. The yeast preparation 
had a specific activity of 160 and 0.56 mg. was employed per assay. 


Yeast enzyme Yeast enzyme 
Total omitte | added 
Specific Total Specific Total 
activity® units activity* units 
ml meg. per cent 


Extract of acetone-dried — 1800 57 ,600 1.67 92,160 1.6f | 92, 160 
liver | | | 

(NH,)2SO, precipitation, 137 11,400 8.2 93,500 8.2 93,500 101 
40-50% fraction | 

Alumina Cy gel; elution 37.5 1,900 13.3 25,270 27.4 52,200 56.6 
followed by (NH,).S0O, | 
fractionation | | 

Ca;(PO,)2 gel; elution 15.4 376 «611.8 4,440 56.6 21,280 23.1 
followed by (NH,4)2S0, 


fractionation 


* Specific activity (units per mg.) was calculated on the basis of liver protein 
only. | 

+ Crude extracts contain a mixture of condensing and splitting enzymes. Con- 
densing activity was, therefore, estimated by arginine (urea) formation with a 
further addition of the splitting enzyme to provide an excess. The specific activ- 
ity was calculated from the protein of the extract. 


value with an upper limit of 2 uM, as shown in Fig. 1. Activity was eal- 
culated from the increment above the base value. 

Extraction and First Ammonium Sulfate Fractionation—200 gm. of 
slowly dried Fleischmann’s commercial bakers’ yeast were extracted with 
600 ml. of 0.066 m dipotassium phosphate for 2 hours at 38° and 3 hours 
at 21° and centrifuged for 1 hour at 2,000 r.p.m., and the cloudy super- 
natant (300 ml.) was diluted to 600 ml. with water. All subsequent steps 
were carried out at 0°. Ammonium sulfate (212 gm.) was added to half 


2 Extracts of dried yeast have only traces of condensing activity. However, un- 
published data with D. Newmeyer show that condensing activity, characteristic of 
arginine synthesis, is present in autolyzed extracts of fresh yeast. 
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saturation, the precipitate obtained by centrifuging at 13,000 r.p.m. dis- 
carded, and the supernatant brought to 90 per cent saturation with 169 
gm. of ammonium sulfate. The precipitate was taken up in 80 ml. of 
0.02 M potassium phosphate, pH 7.5, and dialyzed overnight against the 
same buffer. 

Removal of Inactive Proteins with Calcium Phosphate Gel—The dialy- 
sate, 130 ml., was diluted with an equal volume of water to bring the 
protein concentration to 14.2 mg. per ml., and 2.6 ml. of 1 N acetic acid 
were slowly added to bring the pH to 5.2. After centrifugation, the super- 
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YEAST ENZYME PROTEIN IN MG. 

Fic. 1. Dependence of the rate of condensation on the concentration of yeast 
enzyme. In addition to the usual incubation mixture (3), each tube contained 2.4 
mg. of a muscle fraction and 0.49 mg. of liver enzyme, specific activity 12 without 
and 56 with veast enzyme. Yeast enzyme, specific activity 610, was present in the 
amounts indicated. 


natant was treated with 50 ml. of calcium phosphate gel as above, centri- 
fuged, and the supernatant adjusted to pH 7.2 with 4 ml. of | M KeHPO,. 
Second Fractionation with Ammonium Sulfate—All of the above super- 
natant, 290 ml., was brought to 0.55 per cent saturation with 112 gm. of 
ammonium sulfate, the precipitate discarded, and the supernatant brought 
to 70 per cent saturation by the further addition of 30 gm. ‘This precipi- 
tate was dissolved in 15 ml. of 0.02 M potassium phosphate, pH 7.5. 
Adsorption and Elution with Alumina Cy Gel—The above solution was 
diluted with 203 ml. of 0.02 m acetate buffer, pH 5.0, and 79 ml. of alu- 
mina Cy gel (18.9 mg. per ml.) were added as above. After centrifuga- 
tion, eight successive elutions were carried out with potassium phosphate 
buffer, pH 7.5, as follows: (a) 106 ml. of 0.005 m, (b) 106 ml. of 0.01 mM, 
(c) 99 ml. of 0.02 m and 7 ml. of 0.066 m MgSO,, (d) same as (c), (e) same 
as (¢) except that the mixture contained 2 gm. of ammonium sulfate, (f) 
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same as (e), (g) 99 ml. of 0.05 m buffer, 7 ml. of MgSO, solution, and 
2 gm. of ammonium sulfate. The last four eluates were combined (424 
ml. in all) and brought to 0.85 saturation with 255 gm. of ammonium 
sulfate. The precipitate obtained on centrifugation at 13,000 r.p.m. was 
taken up in 8 ml. of the same buffer, 0.02 mM, to which 0.1 volume of 0.066 
mM MgSO, had been added. The enzyme becomes less stable with pu- 
rification. This fraction loses about half the activity on storage at —20° 
for 2 weeks. 


Il 
Purification of Yeast Enzyme 


For details of the fractionation procedure see the text. The condensing enzyme 
had a specific activity of 7 without and 31 with phosphorylating enzyme; 1.07 mg. 
were used per assay. 


Fractionation step Volume | 4 | Total units; Yield 
Extract of dried veast 300 SSSO 80 =§=710,000 
(NH,).S8O0, precipitation, 50-90%, 102 «3320 136 | 451,000 
fraction 
Ca;(PO,)2 gel; negative adsorption 290 2030 195 | 396,000 56 
(NH,).SO, precipitation, 55-70% frae- 22.5 1310 307 402,000 | 57 
tion | 
Alumina Cy gel; elution followed by 13.8 274 1050 | 288,000 | 40 
salt fractionation | | 


— 


* Specific activity (units per mg.) was calculated on the basis of yeast protein 
only. 


The summary of a typical purification, given in Table II, shows that 
the initial extract obtained from dried yeast as the starting material has a 
high specific activity. Subsequent steps resulted in a preparation with 
a specific activity of 1050, representing a 13-fold purification. In view 
of the requirement for Mg** in the condensation, it is noteworthy that 
this metal exerts a protective action. Heating the yeast enzyme at 57° 
in 0.02 mM potassium phosphate buffer, pH 7.4, for 8 minutes destroys 95 
per cent of the activity. In the presence of 0.006 M magnesium sul- 
fate, other conditions remaining the same, the loss is entirely prevented. 
With the purified liver enzyme, all the activity is destroyed on heating 
for 5 minutes at 50° whether or not Mg*~* is present. 


Properties of Reconstructed Enzyme System 


Stoichiometric Relationship of Aspartic Acid and Citrulline—In order to 
relate the utilization of phosphate bond energy to citrulline and aspartic 
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acid participation, the stoichiometric relation of the two amino acids was 
investigated with the purified enzymes, since aspartic acid had not pre- 
viously been determined directly. Aspartic acid was estimated with the 
decarboxylase of Clostridium welchii, recently described by Meister et al. 
(6), and citrulline was estimated by the colorimetric procedure of Archi- 
bald (7). A comparison of the rates of disappearance is shown in Table 
III, where it may be seen that the two amino acids are utilized in equiva- 


III 
Equivalence of Citrulline and Aspartic Acid Utilization in Condensation Reaction 


Each tube contained the following, expressed as micromoles per 4 ml.: 200 of 
TAM buffer, pH 7.5, 26 of magnesium sulfate, 5 of ATP, 50 of p-3-phosphoglyceric 
acid, 30 of aspartate, 30 of citrulline, and, in addition, 2.4 mg. of lyophilized muscle 
fraction, 0.49 mg. of liver enzyme, specific activity 56, and 0.08 mg. of yeast enzyme, 
specific activity 610. The incubation was terminated by the addition of 1.0 ml. 
of 0.4 m sodium acetate buffer, pH 4.5. Aspartic acid was then estimated mano- 
metrically in conventional Warburg vessels with 2.0 ml. of the above mixture and 
0.3 ml. of 2 m acetate, pH 5.0, and 7.5 mg. of potassium pyruvate in 0.1 ml. of 0.2 
m buffer. 40 mg. of C. welchii in 0.4 ml. of 0.2 m buffer were tipped in from the side 
arm after equilibration at 38°. Gas space, air. Carbon dioxide evolution was com- 
plete in 105 minutes. For citrulline estimations, 0.5 ml. of the mixture was diluted 
with an equal volume of 10 per cent trichloroacetic acid, and 0.1 ml. of the super- 
natant was employed for analysis. Values expressed in micromoles. 


Experiment No. | Incubation time _ Citrulline remaining Aspartate® remaining 
min. 
1 0 30.0 29.9 
2 20 20.0 20.3 
3 30 15.9 16.3 
4 40 12.7 12.8 


* The recovery of aspartic acid under the conditions shown above was repeatedly 
found to have an average value of 90 per cent. All aspartate values have been cor- 
rected by this factor. 


lent amounts. Since evidence that the formation of intermediate is equiv- 
alent to citrulline utilization has already been obtained (3), it is apparent 
that a 1:1:1 relationship has been established in the reaction mechanism. 

pH Optimum of Condensation—The dependence of condensation upon 
pH, illustrated in Fig. 2, shows an optimum in the alkaline region at pH 
8.6, which is somewhat higher than that shown by the splitting enzyme? 
or by the over-all arginine synthesizing system (1). ATP was employed 
as the exclusive donor of ~ph in order to eliminate the presence of the 
extraneous enzymes which are required when PGA serves as a reservoir 


* Unpublished data. 
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of ~ph. The curve, however, probably represents average values for a 
reaction in which two enzymes participate. 

Mode of Action of Enzymes—It was previously found, with the unre- 
solved enzyme preparation, that for each mole of condensation product 
formed inorganic phosphate appeared to the extent of about 1.4 to 1.8 
moles, depending on the initial concentrations of ATP (3). The possi- 
bility that two high energy phosphate bonds are utilized in the conden- 
sation seemed unlikely, but a value greater than 1 but less than 2 was 
of interest, since it might reflect on the nature of the mechanism. If 
the reaction involves the phosphorylation of one amino acid, presumably 
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pH 
Fic. 2. Dependence of condensing activity upon pH. Incubation mixture and 
enzymes as in Table IV, complete system, except for 600 um of buffer as follows: 
potassium phosphate, first two values; TAM, next four; glycine, last three. pH 
was measured electrometrically after incubation. 


citrulline, followed by a condensation with the second amino acid in 
which phosphoric acid is split out, then the participation of two enzymes 
suggests that each step might be separately catalyzed. 

Evidence for this has been sought with various combinations of the 
two amino acids and the two purified enzymes, as shown in Table IV. 
With the expectation that any phosphorylated amino acid formed would 
be extremely labile, the formation of inorganic phosphate was employed 
as a criterion of phosphorylation. None was observed with 99 units of 
the yeast enzyme, and a small amount was found with 36 units of the 
liver enzyme when both amino acids were present. With the enzymes 
combined, inorganic phosphate was found only when condensation also 
occurred; 7.¢., in the presence of both amino acids. ‘These experiments 
were carried out with a relatively large amount of ATP as the exclusive 
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~ph donor. Had amino acid phosphorylation occurred in any of the 
combinations containing one amino acid, it would probably have been 


TaBLe IV 


Utilization of ATP in Presence of One or Both Enzyme Components of 
Condensation Reaction 


Incubation mixture as in Table III except that 20 um of amino acid were present 
where indicated; liver enzyme 0.72 mg., specific activity 51; veast enzyme 0.56 mg., 
specific activity 175. After 20 minutes at 38°, 1.0 ml. of 0.8 N HCI was added and 
the tubes centrifuged at 0°. ATP was estimated in 0.5 ml. by incubation at 38° 
for 60 minutes with 0.11 ml. of 1 Nn KOH, 0.05 ml. of 0.18 m CaCl., 0.44 ml. of 0.1 mM 
glycine buffer, pH 9, and 2.3 mg. of myosin in 0.4 ml. of the same buffer. After 
addition of 3.5 ml. of 10 per cent trichloroacetic acid, phosphate was estimated in 
1.0 ml. of the filtrate. The supernatant from the first incubation was diluted with 
an equal volume of trichloroacetic acid and 0.1 ml. of the filtrate taken for citrulline 
and 0.5 for phosphate estimations. F 


Adeny! Adeny! 


Conditions -Aphosphate* Acitrulline pyrophosphate pyrophosphate 
| | --remainingt utilizedt 
uM | uM | uM uM 
Both enzymes | | 
Citrulline and aspartate | 14.0 —7.1 12.6 14.0 
Citrulline | 0.16 0.0 26.5 0.1 
Aspartate 0.16 | 26.6 0.0 
No amino acid 0.13 26.2 0.4 
Liver enzyme | 
Citrulline and aspartate 113 | —1.4 23.2 3.4 
Citrulline 0.2 0.0 26.6 0.0 
Aspartate 0.17 | 26.2 0.4 
No amino acid 0.23 | 27.0 —0.4 
Yeast enzyme | | 
Citrulline and aspartate | 0.35 | 0.0 26.0 0.7 
Citrulline 0.0 | 0.0 26.2 0.4 
Aspartate 0.09 27.0 —0.4 
No amino acid 0.0 | 26.7 0.0 
ATP (adenyl pyrophosphate) present at start.......... | 26.6 


*The appropriate zero time blank, about 1 wm, has been subtracted from all 
phosphate values. 

t All values in the last two columns are expressed as micromoles of inorganic 
phosphate. Since the myosin contained myokinase, the enzymatic estimation rep- 
resents the total labile phosphate. 


detected as inorganic phosphate, since the latter was estimated in strong 
acid according to the conditions of Lohmann and Jendrassik (8). The 
absence of labile ester formation with one amino acid was also suggested 
by the findings that inorganic phosphate, estimated at pH 4.5 by the 
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method of Lowry and Lopez (9), agreed with the values obtained jp 
strong acid. 

The possibility remained that a stable ester might be formed. If this 
occurs, phosphate transfer can be detected by the disappearance of ATP, 
with the formation of a corresponding amount of ADP. A balance of 
the total adenyl pyrophosphate was therefore made at the end of the 
reaction by a specific enzymatic method, with a rabbit muscle prepara- 
tion of ATPase containing myokinase (10, 11). The results, summarized 
in the last two columns of Table IV, show that the utilization of ~ph 
corresponds to the formation of inorganic phosphate and accompanies 
condensation. In no case was there evidence that phosphorylation oc- 
curred apart from condensation to any detectable extent. Identical re- 
sults were obtained by column analysis of ATP, ADP, and AMP accord- 
ing to the method of Cohn and Carter (12). 

The results indicate that ~ph is transferred without the formation of a 
phosphorylated amino acid as such in the free form. The reason for this 
may be the existence of an equilibrium so highly unfavorable that phos- 
phorylation occurs to an appreciable extent only when simultaneous con- 
densation removes the phosphorylated amino acid. Various attempts 
have been made to displace the equilibrium experimentally, with the 
combinations shown in Table IV, but these gave no evidence of a sepa- 
rate phosphorylation step. For example, no leak of inorganic phosphate 
was obtained in the presence of low concentrations of arsenate. Also, 
experiments were carried out in the presence of large amounts of myo- 
kinase and adenylic deaminase in order to remove ADP as it was formed 
The only change observed was an acceleration of condensation in the 
presence of both enzymes and both amino acids. This was probably due 
to the removal of adenylic acid, which has been found to be inhibitory 
(3). Increasing the alkalinity to the optimum pH, 8.6, gave results 
which essentially duplicated the values in Table IV. 

Effect of Yeast Enzyme on Phosphorylation—It is evident from the data 
in Table IV that the purified yeast enzyme is entirely free of the liver 
component, since large amounts of the former (99 units) have no con- 
densing activity in the presence of both amino acids. The liver enzyme, 
however, which still contains a small amount of the second component, 
exhibits some condensing activity at a level of 36 units. With larger 
amounts of this enzyme, and with PGA as the ultimate donor of ~ph in 
the presence of low concentrations of ATP (0.0012 M), there is sufficient 
condensing activity to permit estimation of the ratio of condensation to 
phosphate transfer. This value was found to be close to | at several 
enzyme concentrations and varying periods of time, as shown in Experi- 
ment 1, Table V. With the addition of purified yeast enzyme (Experi- 
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ment 2) the ratio increased progressively to a limiting value of 1.56. A 
similar series, but with ATP as the exclusive source of ~ph at an initial 
concentration of 0.0036 mM, is shown in Experiment 3. Since condensing 
activity with ATP alone is reduced about 50 per cent (3), the A citrulline 


TABLE V 
High Energy Phosphate Transfer in Relation to Condensation with Purified Liver and 
Yeast Enzymes 

In the experiments recorded under “low ATP,” the incubation mixture was the 
same as in Table III, including the muscle fraction. For “high ATP,’’ muscle and 
PGA were omitted, ATP was increased to 15 uM, and amino acids were reduced to 
2 um each. Liver enzyme, specific activity 56, and yeast enzyme, specific activity 
610, were added in the amounts indicated, 0.70 mg. representing 40 units and 0.084 
mg. representing 51 units, respectively. Temperature, 38°. 


| Ratio 


min. | uM 
Experiment 1. Low 40 | «40 a 5.4 1.09 
ATP, high PGA 40 9.4 1.05 
| 80 | «60 12.6 | 11.7 1.08 
Experiment 2. Low 41 | | 20 | 4.0 4.6 0.87 
ATP, high PGA | 41 |= 5 20 7.1 6.2 1.14 
41 | 20 10.8 8.0 1.35 
20 20.1 12.9 1.56 
Experiment 3. High 41 | 20 2.1 2.0 1.05 
ATP, no PGA a eee 20 | 5.8 3.1 1.87 
41 | 10 20 | 7.4 4.1 1.80 
41 51 200 | 12.9 6.8 1.90 


* Each phosphate value has been corrected for the amount of inorganic phosphate 
obtained when either citrulline or aspartate was omitted. The two values were in 
agreement for each correction. For ‘low ATP’ the correction was about 4 uM, 
since the muscle fraction employed contains some ATPase activity. For ‘high 
ATP” the correction was about the same as in Table IV. 


and A phosphate values obtained both in the absence and presence of 
yeast enzyme were lower than in Experiments 1 and 2. A ratio of about 
1 was again found with the liver enzyme and this was increased to 1.9 
with the largest amount of yeast enzyme added. Further addition of 
yeast enzyme did not increase the ratio above this limiting value. It 
appears from these results that the purified yeast enzyme promotes phos- 
phate transfer even more rapidly than condensation. Whether this may 
be taken as an indication that phosphorylation proceeds as a separate 
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step remains inconclusive, however, since no effects were found in the 
presence of a single amino acid. 


DISCUSSION 


It has been shown that two enzymes are required in the condensation 
of citrulline with aspartic acid. The extent of ~ph participation was 
found to vary. Condensation can proceed with a minimum utilization 
of 1 ~ph bond (when one enzyme component is largely removed) and a 
maximum utilization of 1.9 with large amounts of ATP and yeast en- 
zyme. At all stages of purification both liver and yeast enzyme compo- 
nents contain inorganic pyrophosphatase activity, although the purified 
yeast enzyme has much more than the purified liver enzyme. The possi- 
bility that condensation occurs through the phosphorylation of both 
amino acids followed by the splitting out of inorganic pyrophosphate ap- 
pears to be excluded, since hydrolysis of the latter would always result 
in a ratio of 2. It also appears to be unlikely that one amino acid is 
phosphorylated by the transfer of the pyrophosphoryl group of ATP, 
since 1 of the phosphate residues would have to be regained by AMP in 
order to account for the observed ratio of 1. The ‘‘overshooting’’ phe- 
nomenon, 7.e. phosphate liberation in excess of condensation, varies with 
the experimental conditions and need not necessarily be considered essen- 
tially intrinsic to the reaction mechanism, particularly since ratios in the 
range of 1.4 to 1.6 are obtained under conditions which provide optimum 
rates of condensation. On the basis of these considerations it appears 
that only 1 ~ph bond is actually required in the condensation. 

The ‘overshooting’ is detected only in the presence of both enzymes 
and both amino acids. With the unresolved condensing enzyme systems 
of liver (3), kidney (2), and yeast,’ ratios of about 1.3 were obtained with 
PGA and catalytic amounts of ATP, and ratios of about 1.8 were ob- 
tained with ATP alone. If this represents a phosphate leak caused by a 
contaminating phosphatase, it is surprising that under given conditions 
the ratio does not change significantly with purification or with enzyme 
source. The possibility was considered that the yeast enzyme might 
labilize ADP in such a way as to produce an ADPase-like effect and thus 
account for the extra phosphate liberation. However, no inorganic phos- 
phate was formed in the presence of ADP, purified yeast enzyme, and 
one or both amino acids. Since the ratio increases to a limiting value 
with increasing amounts of yeast enzyme, the ‘overshooting’ may pos- 
sibly represent an indirect effect of phosphorylating function. 

Reversal of condensation has been investigated under a variety of con- 
ditions with negative results. With both amino acids and both enzymes 
in the presence of P*-labeled inorganic phosphate, the isotope was not 
incorporated in ATP. The latter experiment appears to exclude a re- 
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yersible first step involving phosphorylation of some unknown grouping, 
in a Manner analogous to coenzyme A-linked reactions, followed by amino 
acid replacement at the site of phosphorylation. 

It has not been completely excluded that amino acid phosphorylation 
may occur with an equilibrium too unfavorable to be detected by the 
methods employed above. On theoretical grounds, the phosphorylation 
of citrulline appears to be more likely than that of aspartic acid. The 
condensation reaction has been depicted as a guanidination of aspartic 
acid by the isourea form of citrulline (1). In non-enzymatic condensa- 
tions of this type, the guanidinating agent is provided in the reactive iso- 
urea form by employing the O-methyl or S-methyl derivative. Enzymatic 
phosphorylation of citrulline at the ureido carbon would offer a means of 
displacing the citrulline equilibrium in favor of the more reactive isourea 
form and it may be that the energy is required for this tautomerization. 


Methods and Materials 


The amino acid substrates, p-3-phosphoglyceric acid, TAM, and the 
lyophilized fraction of rabbit muscle, were obtained as previously de- 
scribed (1, 3). ATP was purchased as the disodium salt from the Pabst 
Laboratories, Milwaukee; it contained only traces of ADP and was of 
high analytical purity. Protein was estimated by the method of Gornall 
et al. (13). Inorganic pyrophosphatase activity was estimated according 
to Bailey and Webb (14). 

C’. welchii, strain SR 12, was grown on a medium similar to that given 
by Meister et al. (6), with the addition of meat and infusion broth as de- 
scribed by Krebs (15). The lyophilized organisms retained activity on 
dry storage at 5° for 2 years. 

The myosin ATPase employed to obtain the data of Table IV was pre- 
pared from rabbit muscle according to Bailey (10, 11); it hydrolyzed 
ATP at the rate of 8 um of inorganic phosphate in 5 minutes at 38° per 
mg. Since constituents of the first incubation mixture exerted a partial 
inhibition, relatively large amounts of myosin had to be used. Under 
the conditions described in Table V, the amount of myosin employed was 
sufficient to catalyze, in 30 minutes, the complete hydrolysis of the ATP 
initially present. 


SUMMARY 


1. The ATP-dependent condensation reaction involved in the synthesis 
of arginine from citrulline has been found to require two enzyme compo- 
nents. One of these has been isolated from liver, the other from yeast, 
and methods have been described for their separate purification and 
assay. 
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2. Evidence is presented to show that condensation can proceed with 


a minimum utilization of 1 high energy phosphate bond per condensation, 


3. The transfer of high energy phosphate occurs without the formation 


of detectable amounts of free phosphorylated amino acid. The implica- 
tions of this behavior on reaction mechanism are discussed. 
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THE MECHANISM OF ARGININE SYNTHESIS FROM 
CITRULLINE IN KIDNEY* 


By S. RATNER ano BARBARA PETRACK 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, June 11, 1952) 


The synthesis of arginine from citrulline by the mammalian kidney was 
first demonstrated by Borsook and Dubnoff (1) using tissue slices. The 
successful use of kidney homogenates was later reported by Cohen and 
Hayano (2). As with arginine formation in liver, the studies with re- 
spiring tissue did not clearly reveal the nature of the reactions involved. 
It was of interest to see whether the enzymatic mechanism occurring in 
liver (3) applies also to tissues and organisms which lack the other en- 
zymes of the ornithine cycle. 

In the present study, arginine formation has been investigated in re- 
spiring kidney homogenates, in crude extracts of acetone-dried tissue, 
and in fractionated preparations. 

Nature of Reaction Mechanism—Arginine is formed in the liver by an 
ATP-dependent! condensation of citrulline with aspartic acid to form an 
intermediary condensation product, which is then split by a separate en- 
zyme. The cleavage of the intermediate was considered to be a hydro- 
lytic reaction, resulting in the production of malic acid simultaneously 
with arginine (3, 4). It has since been found that the cleavage results 
in the formation of fumaric acid and is therefore non-hydrolytic. The 
presence of fumarase in extracts of acetone-dried tissue and in crude 
preparations of the splitting enzyme accounts for the appearance of a mix- 
ture of fumarate and malate, the latter predominating in accord with 
fumarase equilibrium (5). The previous estimations of malice acid (4) by 
means of malate-adapted Lactobacillus arabinosus included fumaric acid, 
since these organisms contain fumarase (6, 7). 

That the over-all conversion of citrulline to arginine occurs according 
to this stepwise mechanism in kidney extracts is shown by the data in 
Table I. Experiment 1 demonstrates the formation of malic and fumaric 
acids in amounts equivalent to arginine production. It may be seen from 


* Aided by a grant from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council). 

‘The following abbreviations have been used: ATP for adenosinetriphosphate ; 
PGA for phosphoglyceric acid; TAM for tris(hydroxymethyl)aminomethane. The 
symbol ~ph designates high energy phosphate. 
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the same experiment that arginase activity is virtually absent from ex. 
tracts of acetone-dried tissue, under the experimental conditions em. 
ployed, since all of the urea formed after the addition of arginase was 
originally accounted for as arginine by direct estimation. Small amounts 
of arginase have been detected in this organ under other conditions (8), 
Citrulline disappearance was found to be greater than arginine formation, 
as shown in Experiment 2, Table I. The difference between the two 
values represents unsplit condensation product, for the addition of split- 
ting enzyme caused the arginine value to increase to the level of citrulline. 


TABLE 
Equivalence of Arginine and Dicarborylic Acid Formation to Citrulline Utilization in 
Extracts of Acetone-Dried Pig Kidney 
Incubation mixture asin Table II. Time, 20 or30 minutes. See the ‘‘Experimen- 
tal’? for analytical details. 


| rab | Found 
Experiment No. | Splitting enzyme 
| | Atecitrulline | Dicarborylic | Argininet | ‘Arginine as 
| | | 
| units | uM | uM | uM | uM 
| | 15.9 
2 | —10.3 7.6 
3 | —11.7 9.5 
| 61 | —11.8 | | 12.4 
| 132 | —11.6 | | 


* The sum of t-fumarate and L-malate as estimated manometrically with malate- 
adapted L. arabinosus. 

+ Arginine estimated as such in the absence of arginase. 

t Arginase present; urea estimated manometrically. 


It thus appears that the relative concentrations of condensing and splitting 
enzymes in crude extracts may permit the accumulation of small amounts 
of the intermediate.’ 

Properties of Over-All Enzyme System—Arginine synthesizing activity Is 
much lower in the kidney of the rat than in the liver, confirming the find- 
ings of Cohen and Hayano (2). With larger animals, such as the pig 
and ox, the specific activities of acetone-dried tissue extracts are about 
the same for both organs, and the kidney preparations are usually the 
more stable of the two. Pig kidney, which serves as an excellent enzyme 
source, was employed for most of the experiments reported below. Ex- 
tracts stored at —20° lose about half the activity after 3 or 4 days. 


2 The relative proportions vary somewhat with the age of the acetone powder and 
of the extract. 
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In addition to citrulline, dialyzed extracts require Mg**, aspartic acid, 
and ATP. High concentrations of the latter were found to be inhibitory. 
Optimum rates were obtained, as with the liver system, by employing 
PGA as the source of ~ph, in the presence of catalytic amounts of ATP 
and the necessary glycolyzing enzymes. Dependence curves for ATP 
and PGA, under these conditions, show that concentrations which afford 
optimum activity are identical for enzyme preparations from both tissues 
(3). Under optimum conditions, the rate of arginine formation was found 
to be directly proportional to the protein concentration of the extract. 
The time curve, otherwise proportional to activity, showed a small initial 


TABLE II 


Comparison of Michaelis Constants in Synthesis of Arginine from Citrulline by Kidney 
and Liver Enzymes 

Each tube contained 0.8 ml. of dialyzed extract, 31 units of arginase where indi- 
cated, 2.4 mg. of lvophilized muscle extract, 0.1 ml. of TAM buffer, pH 7.4, in a 
final volume of 4 ml., and the following substrates in micromoles, except for the one 
being varied: L-aspartate 20, L-citrulline 20, MgSO, 20, ATP 5, PGA 50. Time, 20 
minutes; temperature, 38°. The values are expressed as molarity of substrate 
concentration at half maximum activity. 


Michaelis constant 


Substrate 
Kidney* Liver 
| 1.1 X 10°3 | 1.2 xX 10°3 
| 1.1 xX 1.0 10-3 


* Similar values were obtained with the condensing enzyme system after frac- 
tionation (cf. (4)). 


lag which is ascribed to delay in substrate saturation of the splitting en- 
zyme. 

Enzyme-substrate affinity has been determined for citrulline, aspartic 
acid, and Mgt*. The A,, values, which are given in Table II, were ob- 
tained as first approximations from curves in which substrate concen- 
tration was plotted directly against enzyme activity. The values apply 
to the condensation reaction only (4), although the over-all system has 
been used. A comparison with the corresponding values obtained for liver 
preparations shows close agreement and indicates that the two enzyme 
systems are very similar in enzymatic properties. 

Behavior of Aspartic and Glutamic Acids in Respiring Homogenates— 
The results of earlier investigations appeared to indicate that aspartic and 
glutamic acids were equally active as arginine precursors in kidney slices, 
while in homogenates glutamate was found to be considerably more active 
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than aspartate. Oxygen was required in both types of tissue prepara. 
tions (1, 2). With the isolated enzymes, in the absence of respiration, 
glutamic acid was found to be entirely inactive as a substrate, as shown 
in Table III. In the presence of oxalacetic and glutamic acids, however, 


TABLE III 
Synthesis of Arginine from Citrulline in Kidney Extracts and Homogenates 


The conditions for the anaerobic experiments were the same as in Table I and 
30 um Of oxalacetate were present where indicated. Time, 30 minutes: temperature, 
38°. The homogenate experiments were carried out in a medium containing the fol- 
lowing, in micromoles: 75 of potassium phosphate, pH 7.4, 20 of w-citrulline, 75 
of ATP, 10 of magnesium sulfate, and where indicated 20 of L-aspartate, 20 of L- 
glutamate, and 20 of pyruvate. In addition, each vessel contained 1.0 ml. of super- 
natant (22.9 mg. of dry weight) and 0.5 ml. of particles (26.5 mg. of dry weight) in 
a final volume of 3.0 ml. Gas space, 02; 38°; 30 minutes. 


| Substrates added Found 
Aspartate Glutamate Oxalacetate Pyruvate* 
uM 
Anaerobic; eX- 15.7 
tracts of ace- | + 1.3 
tone-dried pig + 1.2 
kidney + + 13.6 
Aerobic; rat kid- + 20.0 2.2 
ney homogen- + 18.6 2.1 
ates 
+ 21.7 2.5 
+> 18.9 2.2 
+ 0.2 0.8 
+ 0.3 0.8 


* Fumarate (5 uM) was added with pyruvate as the activator. 
+ All values have been corrected for the zero time arginine blank, which amounted 
to less than 0.1 um. Arginine was estimated as such. 


arginine formation was almost as large as with aspartic acid alone. Kid- 
ney of many species is known to be high in glutamic-aspartic transami- 
nase activity (9, 10). The effectiveness of the combination of glutamic 
and oxalacetic acids is theretore ascribed, as with liver preparations, to 
the formation of aspartic acid during incubation. 

In view of the specificity displayed by the isolated system, the differ- 
ence in the behavior of homogenates toward the dicarboxylic amino acids 
merited reinvestigation. By employing experimental conditions which 
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maintain respiration at a high level, arginine formation was tound to be 
as rapid with aspartate as with glutamate. This is shown with rat kidney 
in the lower halt of Table III. Aspartate alone was tound to be less 
effective, but, when supplemented with pyruvic acid, both oxygen con- 
sumption and arginine formation were elevated to the level obtained with 
glitamate. The results parallel the behavior of liver homogenates, and 
it is apparent that both tissues have in common the ability to oxidize 
glutamate much more rapidly than aspartate (11). Since the experi- 
mental conditions are such that the ~ph requirement is furnished largely 
by oxidative phosphorylation, the addition of pyruvate has a stimulating 
effect. The formation of oxalacetic acid and ~ph during glutamic acid 
oxidation via the citric acid cvele as well as the presence of transaminase 
accounts for the effectiveness of this amino acid. Evidence for these con- 
clusions has been presented in detail elsewhere (11). In this connee- 
tion, it should be mentioned that Krebs has shown with whole liver homo- 
genates (12) and Miiller and Leuthardt (13) with washed liver particles 
that aspartate accumulates during glutamic acid oxidation. 

Characteristics of Condensing Enzymes—The participating enzymes have 
been separated by ammonium sulfate fractionation. The summary pre- 
sented in Table IV shows that most of the condensing activity of the 
original extract appears in the 40 to 50 per cent ammonium sulfate frac- 
tion. Activity was estimated from the rate of citrulline disappearance, 
this being equivalent to condensation, as previously reported (4). The 
condensing enzyme system of liver has been separated further into two 
components, and one of these can be replaced by a corresponding enzyme 
from yeast (14). These two components are also present in the condens- 
ing enzyme system of kidney. Some separation is apparent after refrac- 
tionation of Fraction 3 with ammonium sulfate. As shown for Fractions 
3a to 3d in Table IV, the activity of each subfraction was increased by 
the addition of the yeast enzyme. Evidence of the presence of two com- 
ponents as well as the solubility in ammonium sulfate indicates great 
similarity in the properties of the condensing enzyme systems from two 
different sources. Further similarity is shown in the relation of high 
energy phosphate transfer (as estimated by the appearance of inorganic 
phosphate) to citrulline disappearance. With Fraction 3, a ratio of 1.3 
was obtained at low ATP concentrations and 1.8 at higher levels of ATP 
(ef. (4, 14)). 

Characteristics of Splitting Enzyme—The enzyme which splits the inter- 
mediate into arginine and fumaric acid appears mainly in Fraction 1, as 
shown in Table IV. Activity was estimated by the rate of arginine for- 
mation (or as urea in the presence of arginase) with the condensation 
product. as substrate. The compound was prepared by large scale enzy- 
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matic synthesis with condensing enzyme obtained from liver. The meth. 
ods of isolation and assay will be given in a later publication, along with 
the purification and properties of the splitting enzyme from liver. Re. 
fractionation of Fraction 1 with ammonium sulfate precipitates most of 
the activity between 20 and 30 per cent saturation. This fraction, No. 
le, having a specific activity of 12, still contains large amounts of fu- 
marase. The latter can be inactivated by heating the mixture for 3 
minutes at 53° in 0.02 M acetate buffer, pH 5.0, without significant loss 
of splitting activity. With the heat-treated enzyme, the formation of 


TaBLe IV 
Fractionating Characteristics of Condensing and Splitting Enzymes of Kidney 


For details see the ‘‘Experimental.’’ 


Condensing enzyme 


Splitting enzyme 


| Specific Total | Specific Total | 
activity* units activity* units activity* units 
| per cent ! ml. | meg. | | 
Extract | 305 | 8800 | 1.5 | 13,200 | | 1.2 | 10,600 

i | | 1480 | 0.0 | | | 5.8 8,400 

2 | 3040 | 25 | 1890 | 1.0 | 1,890 | (0.4 756 

3 | 40-50 | 21 — 1890 | 6.5 | 12,300. | 0.0 

3a || «60-836 | 7.4 | +193 | 7.5 | 1,440) 11.8 | 2280) 

3b 36-40 | 9.1 | 510 | 8.3 | 4,240/ 14.3 | 7300 

8c «40-44 | 9.2 | 524 | 6.8 | 3,570) 10.7 5600 | 

3d | 44-52 | 9.7 | 590 | 1.8 | 1,060! 2.3 | 1360 | 


* Specific activity is expressed as micromoles of citrulline utilized or arginine 
formed per hour per mg. of protein. 


fumaric acid is readily shown by permanganate titration, according to 
Straub (15), and by spectrophotometric estimation. Fumaric acid displays 
high end-absorption in ultraviolet light and Racker has employed the 
change in optical density at 240 my as the basis of a method for estimating 
fumarase activity (16). Fig. 1 illustrates the increase in optical density at 
240 mu produced by the enzymatic cleavage of 2.1 um of the intermediate. 
After reaching equilibrium, the identity of the fumaric acid formed was 
further established by adding purified fumarase (17). The resulting drop 
in optical density to a value somewhat higher than the zero time reading 
is in agreement with the malate fumarate equilibrium. In a parallel ex- 
periment, fumaric acid, estimated by permanganate titration immediately 
prior to fumarase addition, and again 10 minutes later, amounted to 1.6/7 
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and 0.41 uM, respectively, while the corresponding arginine values were 
1.66 and 1.65 um. Arginine was estimated as urea after a second incuba- 
tion with arginase, since the arginine estimation appeared to be unre- 
liable in experiments of long duration. 

In the absence of arginase and fumarase, cleavage of the intermediate 
proceeds to an equilibrium value which can be approached from either 
direction.2 The reaction seems to be identical with the one reported by 


100 


Log + (240 mu) 


0.50 


| 

75 
MINUTES | 
Fic. 1. Spectrophotometric evidence of fumaric acid as a product of the cleavage 
of the intermediate. Quartz cells, 1 em. wide, containing 1.5 ml. of 0.1 vt potassium 
phosphate buffer, pH 7.4 and 1.0 mg. of Fraction le (after heat treatment). The 
intermediate, 2.1 um, was added at zero time, but omitted from the blank cell. Final 
volume, 3.0 ml.; temperature, 23-25°. Purified fumarase, 100 y, was added at the 

time indicated by the arrow. 


Davison and Elliott (18) involving arginine and fumariec acid. An en- 
zyme preparation made from pea seeds by their method was employed 
for large scale synthesis. The product, isolated by fractionation of the 
barium salt, was then incubated with the splitting enzyme of kidney and 
liver; arginine and fumarate were formed.’ 


DISCUSSION 


It is evident from the data presented above that arginine formation 
proceeds through the condensation of aspartic acid and citrulline, with 


Unpublished data. 
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the utilization of ~ph in the form of ATP. The condensation product js 
then split by a separate enzyme so as to form arginine and fumarie acid, 
The mechanism in the kidney is thus identical in all respects with that of 
the liver and the corresponding enzymes from the two sources are closely 
similar in a number of properties. The results of preliminary investiga- 
tions indicate that the same enzymes are present in veast.4 The synthe- 
sis of arginine by this mechanism is evidently a more general process than 
its participation in the highly specialized function of the ornithine cyele 
would appear to indicate. The presence of these enzymes in kidney and 
yeast implies a wide-spread distribution in tissues and organisms which 
utilize arginine for protein synthesis and purposes other than urea for- 
mation. 

Since the kidney has but traces of arginase and, in addition, is unable 
to form citrulline from ornithine (19), evidence that citrulline is available 
via the blood stream is of interest. Gornall and Hunter have shown, by 
the demonstration of accumulation of citrulline, that step II of the or- 
nithine-urea cycle is rate-limiting in the liver (20), and Archibald has 
found that this amino acid is actually present in the plasma (21). 


EXPERIMENTAL 


Materials and Methods—The amino acid substrates, p-3-phosphog|vceric 
acid, TAM buffer, arginase, and lyophilized fraction of rabbit muscle, 
were prepared as previously described (3, 4). ATP was purchased as the 
disodium salt from the Pabst Laboratories, Milwaukee, Wisconsin. 

Arginine was estimated colorimetrically by the Dubnoff modification of 
the Sakaguchi method (22) in trichloroacetic acid filtrates after neutraliza- 
tion; citrulline and urea were estimated by the colorimetric methods of 
Archibald (21, 23) or manometrically with urease by the method of Ixrebs 
and Henseleit (24). | 

To obtain the data in Table I, potassium phosphate buffer, pH 7.4, was 
substituted for TAM, since the latter interferes with the direct estimation 
of arginine. For each set of values, six tubes, containing all the con- 
stituents, were incubated for 20 minutes at 38°, with the following varia- 
tions: (1) arginase omitted; (2) arginase present; (3) arginase omitted, 
citrulline omitted initially but added after the first incubation to estimate 
citrulline recovery; (4) arginase present, but otherwise as in (3); (5) as in 
(4) with the further addition of 20 um each of malate and urea to estimate 
recovery, Which was within 5 per cent; (6) as in (3) but not ineubated. 
The reaction was stopped by heating for 2 minutes at 100°, and the 
pH adjusted to 5.0 with 0.09 ml. of 2 x HCl. Dicarboxylie acids and 
urea were estimated manometrically (6, 7, 22). The use of urease had 


* Unpublished data obtained in this laboratory by D. Newmevyer. 


S. RATNER AND B. PETRACK 183 


the advantage of removing urea, which would otherwise interfere with the 
final estimation of citrulline. Double armed Warburg vessels, 6 ml. in 
capacity, were used; 1.0 ml. of the incubation mixture and 0.2 ml. of 1 M 
potassium acetate, pH 5.1, were added in the main space; 0.05 ml. of 0.05 
a MnCl, and 20 mg. of lyophilized organisms suspended in 0.25 ml. of 
water were added to one side arm and 20 mg. of urease (Squibb) in 0.20 
ml. of buffer were added to the other side arm. After 10 minutes equi- 
libration at 38° in an atmosphere of nitrogen, urease was tipped in. The 
reaction was completed in 50 minutes. After reequilibration, L. arabino- 
sus Was tipped in from the second side arm for dicarboxylic acid es- 
timation, which was completed in 70 minutes. All blank values were 
small and have been subtracted from the values given in Table I. The 
amounts of dicarboxylic acid formed in the absence and presence of argi- 
nase (first and second tubes) were identical. For citrulline estimation, 
0.8 ml. of 16 per cent trichloroacetic acid was added to each vessel and 
0.1 ml. of the filtrate was taken for analysis. Arginine estimations were 
carried out in separate samples of the original incubation mixture after 
diluting with 9 volumes of 8 per cent trichloroacetic acid, 0.5 ml. of the 
filtrate being employed for analysis. 

To obtain the data in Table II, the over-all reaction was carried out in 
the presence of arginase, the reaction was stopped with 6 ml. of 8 per cent 
trichloroacetic acid, and urea was estimated colorimetrically in 0.5 ml. of 
the filtrate. Urea was estimated similarly in assays of the splitting en- 
zyme (Table IV and text). 

Preparation of Homogenates—-The best respiration and coupled phos- 
phorylation were obtained by homogenizing with isotonic sucrose (25, 26), 
but large amounts of the latter were found to interfere with arginine for- 
mation in some way. To avoid this difficulty, sucrose-homogenized par- 
ticles were combined with phosphate-homogenized supernatant. Half of 
the rat kidneys (1.83 gm.) were homogenized in a Potter-Elvehjem glass 
homogenizer at 0° with 3 volumes of 0.1 M potassium phosphate buffer, 
the mixture was centrifuged in the cold at 10,000 r.p.m. for 30 minutes, 
the supernatant was decanted, and the particles were washed once by 
centrifugation with 2 ml. of the same buffer. The combined supernatant 
and washing were dialyzed for 2 hours in the cold against the same buffer, 
0.05 m. A second homogenate was prepared as above, with 3 volumes of 
8.5 per cent sucrose. The particles were washed once by centrifugation 
and finally resuspended in 3 ml. of the same solution. 

Preparation and Fractionation of Enzymes—Whole hog kidneys were 
used for the preparation of acetone powder, as previously described (3). 
The powder was extracted with 5 volumes of 0.1 M potassium phosphate 
buffer at 0° with mechanical stirring for 45 minutes, followed by centrifu- 
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gation in the cold. In the substrate-dependence studies, extracts were 
dialyzed against 0.02 mM potassium phosphate buffer, pH 7.4, for 24 hours 
at O°. For fractionation with ammonium sulfate, 8 volumes of 0.02 x 
buffer were used with 50 gm. of powder. Other details of the fractionation 
were carried out as with liver (4), including the refractionation of Frae- 
tion 3, Table IV. Fraction 1 was refractionated in similar manner. 

The enzymatic component obtained from yeast was prepared as before 
(6) and had a specific activity of 200. The fumarase, kindly supplied by 
Dr. W. Vishniac, was prepared by a modification of the Laki procedure 
(27) and had a specifie activity of 3.1 & 10* expressed in Racker units 
per mg. 


SUMMARY 


1. The enzymatic synthesis of arginine from citrulline has been investi- 
gated in respiring kidney homogenates, in crude extracts of acetone-dried 
kidney, and in fractionated preparations. 

2. The conversion has been shown to proceed by the same A'T'P-de- 
pendent stepwise mechanism that occurs with liver preparations. 

3. A comparison of the participating enzymes from both sources shows 
close similarity in a number of properties. 

4. The enzymatic cleavage of the intermediary condensation product 
to arginine and fumaric acid has been demonstrated with a fumarase-tfree 
preparation of the splitting enzyme. 
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THE ADENYLATE KINASE OF RAT LIVER MITOCHONDRIA 


By PHILIP SIEKEVITZ anp VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 17, 1952) 


The enzyme myokinase (1-8), or adenylate kinase (9, 10), which catalyzes 

the establishment of an equilibrium among the three nucleotides, adeno- 
sinetriphosphate (ATP), adenosinediphosphate (ADP), and adenylic acid 
(AMP), has recently been localized in the mitochondria (5, 6, 10). With 
the ultimate view of discovering whether adenylate kinase has any role in 
oxidative phosphorylation, preliminary experiments, described in this pa- 
per, were undertaken. The data presented concern the various factors 
governing the activity of this enzyme and its relationships to three other 
reactions as they are found in ‘‘resting mitochondria,”’ mitochondria which, 
as prepared, do not dephosphorylate added ATP, but in which ‘“‘ATPase”’ 
activity can be elicited by such an agent as 2,4-dinitrophenol (DNP) 
(11-13). The four reactions concerned are the adenylate kinase reaction 
which takes place spontaneously and which is the only reversible one, the 
energy-requiring synthesis of ATP from ADP or AMP through substrate 
oxidation, the dephosphorylation of ATP which takes place here in the 
presence of DNP, and the hexokinase reaction. 
_ The recent availability of the ion exchange method of Cohn and Carter 
(14) to determine the concentrations of these nucleotides has made it 
possible for us and, independently, other workers (8) to measure adenylate 
kinase activity accurately and with reproducibility. 


EXPERIMENTAL 


Mitochondria from the livers of fed 100 to 150 gm. male, Sprague-Dawley 
rats were prepared by the method of Schneider and Hogeboom (15). 
They were washed once with cold isotonic sucrose, and, after centrifuga- 
tion, the loose fluffy layer above the mitochondria was swirled off. The 
mitochondria were taken up in a volume of cold isotonic sucrose so that 
0.2 ml. of mitochondrial suspension contained the amount of mitochondria 
from 25 mg. wet weight of liver. The term equivalent mg. of mitochondria 
thus refers to that amount of mitochondria from the given wet weight of 
liver. The final incubation medium contained the mitochondrial suspen- 
sion, the variables of the experiment, a solution made up to contain those 
compounds used in all the tubes plus an amount of solid sucrose calculated 
to give a final isotonic medium, and enough isotonic sucrose solution to 
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give a final volume of 3.0 ml. All the enzymatic assays were performed 
in 13 mm. X 100 mm. test-tubes, incubated in air at 30°. 

The nucleotides were separated by the ion exchange method of Cohn 
and Carter (14), with the modifications noted below. The enzymatic re- 
action was stopped with 1.5 ml. of 1.5 N perchloric acid, giving a final 
concentration of 0.5 N acid. After the protein was centrifuged, an aliquot 
of the supernatant was taken for inorganic phosphate determination and 
the rest of the solution was neutralized with 1.5 nN KOH and the mixture 
let stand overnight in the refrigerator. The insoluble potassium per- 
chlorate was centrifuged and enough concentrated NH,OH was added to 
the resulting supernatant to give a final concentration of approximately 
0.1 Mm. This solution was then put through 200 to 400 mesh Dowex | 
eolumns (0.95 sq. em. X 2 cm.), prepared as described by Cohn (16), 
Protein containing up to 3 mg. of N, or acid extract therefrom, had no 
effect on the separation of the nucleotides, but it has been found that the 
use of the same columns three or four times resulted in some displacement 
of the various peaks; hence new columns were used each time in all the 
experiments reported here. It had been thought that some ATP might 
be destroved on the column, since ATP eluted from one column by dilute 
acid, then neutralized as suggested (14) and adsorbed and eluted from a 
second column, gave approximately 10 per cent ADP, as also described 
earlier by Novikoff et al. (10). However, when the ATP solution was 
made 0.1 M with respect to NH,OH, instead of the 1.0 M as recommended 
previously (14), the ATP was recovered in the ATP fraction, none appear- 
ing as ADP; thus most, if not all, of the 10 per cent destruction of the 
ATP was due to its greater lability in the higher concentration of alkali.' 

Usually, volumes of 50 ml., 25 ml., 25 ml., and 25 ml. of each eluent 
were run through the columns, with 0.003 x HCl, 0.01 n HCI-0.02 m NaCl, 
and 0.01 x HCIl-0.2 m NaCl being used to elute the AMP, ADP, and 
ATP, respectively. The light absorption at 260 my of the resulting solu- 
tions of AMP, ADP, and ATP was measured in a Beckman spectrophotom- 
eter... In each case a total of 125 ml. of eluent resulted in a quantitative 
elution of the given nucleotide from the column. Owing to the apparent 
lack of enzymatic activity for AMP breakdown in the mitochondria, no 
adenine or adenosine was ever found at the end of the experimental run. 
Also, more than 95 per cent of the adenine nucleotide originally added 
was recovered in the AMP, ADP, and ATP fractions in all experiments, 
and in most cases more than 98 per cent was recovered, indicating that 


1 Suggestion of Dr. G. A. LePage. 

2 The figure of 13,500 was used for the molecular extinetion coefficient of adenylic 
acid. The light absorption at 260 my was virtually zero in all fractions when no 
adenine nucleotides were added to the reaction mixture originally. 
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there was no net destruction of the adenine ring by the mitochondrial 
preparations. All experiments were run in duplicate and in most cases 
these duplicate values agreed within 4 per cent of each other, although 
sometimes as much as an 8 per cent difference was encountered. 

Inorganic phosphate was determined by a modification of the Lowry- 
Lopez method (17).* Hexokinase was prepared from bakers’ yeast ac- 
cording to W. F. Loomis‘ and it contained no ATPase or adenylate kinase 
activity. ATP and AMP were obtained either as the sodium or barium 
salt from the Pabst Laboratories, and the barium salt of ADP was ob- 
tained from Dr. G. A. LePage and prepared by him.’ All the barium 
salts were converted to the potassium salts and all solutions were neutral- 
ized before use. The ADP solution contained approximately 1 per cent 
ATP, 10 per cent AMP, and 4.1 uM of inorganic phosphate (IP) for every 
10 um of ADP. The ATP solution contained less than 1 per cent AMP, 
8 per cent ADP, and 1.3 um of IP for every 10 um of ATP. The AMP 
solution contained approximately 4 per cent ADP, 1 per cent ATP, and 
0.5 um of IP for every 10 um of AMP. 


RESULTS AND DISCUSSION 


The enzymatic activity at the level of 25 equivalent mg. of mitochondria 
varied directly with substrate concentration, at least up to 10 um of ADP, 
and a Lineweaver-Burk plot (18) gave a K, of 1.3 & 10-° m for the mito- 
chondrial-bound enzyme. 

Fig. 1 shows the effects of Mg** and of DNP on the reversible conversion 
of ADP to AMP and ATP. To be noted is the almost complete recovery 
of the nucleotides, and the good agreement of the actually measured IP 
and the theoretical IP which could be calculated from the difference be- 
tween the changes in concentration of AMP and ATP. Not only is there 
ATPase activity “latent”? in the mitochondria, but there is an actual syn- 
thesis of approximately 0.5 um of ATP, as measured both by the disap- 
pearance of IP and by a greater appearance of ATP than AMP from 
ADP (Fig. 1, A and B). Thus, there probably is a small amount of endog- 
enous oxidation or glycolysis in the mitochondria which could account 
for the production of organic phosphate. 

Although the addition of Mg** activates adenylate kinase some 100 
per cent (Fig. 1, B and D), the enzyme is active without added Mg** (Fig. 


* To insure the correct final pH (17) the 1 per cent ammonium molybdate solution 
contained 0.05 m sodium acetate to buffer the ascorbic acid which was later added. 
Also, enough KOH was added to the acetate buffer solution to neutralize the amount 
of perchloric acid contained in the aliquot taken. (Potter and Simonson, unpub- 
lished.) 

* Unpublished method. 

> We wish to thank Dr. G. A. LePage for the ADP. 
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1, A). A similar finding was reported by Kalckar (19) with respect to 
extracts of the muscle enzyme. 
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Fig. 1. Effect of Mg** and DNP on adenylate kinase activity. The incubation 
medium contained 25 equivalent mg. of mitochondria, the amount of nucleotide as 
shown on the curves, Mg**, when added, to a final concentration of 0.003 m, and 
DNP, when added, to a final concentration of 3 * 10-°>m. When ADP was added 
initially, the theoretical IP could be calculated to be the difference between the 
amounts of AMP and ATP formed. When AMP and ATP were the initia! sub- 
strates, the theoretical IP could be calculated to be the difference between the 
amounts of AMP and ATP which had disappeared. 


It has been found that the activation by Mg**+ and by Ca** of the 
adenylate kinase of freshly prepared mitochondria is optimal at 1 X 
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10° m Mg** or 5 X 10-4 M Ca**, both ions showing an equal! stimulation 
of from 40 to 70 per cent in various experiments. Neither Ca** nor Mg** 
had any effect on the breakdown of ADP to AMP and IP, but Cat*, and 
not Mg**, did stimulate ATP breakdown somewhat. However, when 
the mitochondria were preincubated in the presence of sucrose for 4 hours 
at 30°, there was very little activation of adenylate kinase by Ca** but 
still the same stimulation by Mg** (approximately 70 per cent) as in the 
fresh mitochondria. In contrast to the incubation of fresh mitochondria 
with ADP alone or with ADP plus Mg**, in which there occurred a net 
phosphate uptake (Fig. 1, A and B), in the presence of ADP plus Cat* 
there occurred a net increase of inorganic phosphate. In the incubation 
of aged mitochondria with ADP or with ADP plus Mg** or plus Ca** 
there occurred in all cases a net increase in IP. Also, it has been shown® 
that in the fresh “resting’’ mitochondria there is a large stimulation of 
ATP breakdown by Ca**, but in mitochondria aged as described Cat* 
has no effect whatsoever. Since, as will be shown later, there is an ap- 
parent inhibition of adenylate kinase activity by ATP, it might be that 
the activation of the enzyme in the fresh mitochondria by Ca** is indi- 
rectly due to the stimulation of “ATPase” by Ca**. Also to be noted is 
the observation that the activity of the enzyme in the absence of added 
Mg** is the same in the aged as in the fresh mitochondria, possibly indi- 
cating that there is Mg** tightly bound to the enzyme. 

Of interest to the action of DNP is the curve showing that DNP has 
no apparent action on ADP (Fig. 1, C), its aetivity being confined to 
stimulating the breakdown of ATP to ADP and IP. Also, the activation 
of “ATPase”’ by DNP is probably not due to changes in the permeability 
of the mitochondria to ATP which otherwise might not have been able to 
reach the enzymatic center, for approximately equal rates of adenylate 
kinase activity are found when the reaction is started from either direction 
(Fig. 1, B and D). Thus all three nucleotides are apparently able to 
penetrate to the site of enzymatic activity at equal rates. 

Fig. 2 shows the complete inhibition of adenylate kinase by 0.01 m NaF. 
The same complete inhibition is observed whether ADP. or AMP plus 
ATP is used as the initial substrate. Much smaller (20 to 50 per cent) 
inhibitions were found previously (8, 10, 20) with soluble extracts of the 
muscle and liver enzymes even when the fluoride concentration was raised 
to 0.06 m (8). Barkulis and Lehninger (5), using liver particulates, have 
found a 50 per cent greater inhibition with 0.03 Mm NaF than with 0.01 m 
NaF. The reasons for the difference in results are not known, but the 
use by the previous authors (5, 10, 20) of hexokinase in the incubation 
medium, and its absence here, might be of some consequence. While 


® Unpublished experiments of Potter and Simonson. 
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there might be two different enzymes, a mitochondrial and a soluble one 
(8), it is still possible that, in response to fluoride, the mitochondrial and 
the solubilized forms of the same enzyme behave differently. 


| | | 
0.01 NoF iM 0.03 

Fic. 2. Effect of fluoride on adenylate kinase activity. The incubation medium 
contained 25 equivalent mg. of mitochondria, 6.12 um of AMP, 4.66 uu of ATP, Mg 
to a final concentration of 0.003 mM, and either 0.01 or 0.03 Mm NaCl. Fluoride, 
when added, replaced the NaCl. Incubated for 15 minutes. 


TaABLe 
Inhibition of ATP Breakdown by ADP and Inhibition of AMP Formation from ADP 
by ATP 
The incubation medium contained 25 equivalent mg. of mitochondria, 0.003 x 
Mg**, 3 & 10°° MDNP, and, as indicated, either 4.48 um of ATP, or 4.95 um of 
ADP, or 4.84 um of ADP plus 5.69 um of ATP. Incubation for the times indicated. 


uM formed 
Additions AMP IP 


iS min. 45 min. 90min. 15 min. 45 min. 90 min 


1.76 0.29 0.59 1.02 

(c) (a) + (6) = caleulated........... 1.89 2.72 | 3.37 2.55 4.75 5.99 

1.06 1.81 | 3.14 1.48 3.70 5.97 
I ee 44 34 7 42 22 0 


* Per cent inhibition = c — dc X 100. 


Since we have found that ADP is not broken down to IP in our reaction 
mixtures containing DNP, the IP formed from either ATP or from ADP 
via the adenylate kinase reaction can be taken as a measure of the break- 
down of ATP. Similarly, the AMP formed from either ADP or from 
ATP via the “ATPase” stimulation by DNP can be taken as a measure of 
adenylate kinase activity. It has been found (Table I) that the addition 
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of ADP inhibits the breakdown of ATP to IP. A similar inhibition was 
reported by Kalckar (21) and Kielley (22) using soluble enzymes. Fur- 
thermore, it can be seen from Table I that the addition of ATP apparently 
inhibits the adenylate kinase of the mitochondria, for the production of 
AMP from ADP is reduced when ATP is added. As each reaction pro- 
ceeds, the magnitude of the inhibition decreases rapidly, as the ADP is 
converted to ATP and AMP by adenylate kinase and ATP is converted 
to ADP by the DNP-activated ‘‘ATPase.”’ 

Fig. 3 also shows the apparent inhibition of adenylate kinase activity. 
When the ATP is removed by adding hexokinase or DNP, there is an in- 


4\— *@ 
o ADP + ATP + HEX. 
uJ 
ADP +HEX 
a 
2 (ADP + DNP 
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2) SO 
EQ. MG. MITOCHONDRIA 
Fic. 3. The inhibition of AMP production from ADP by ATP and the relief of 
the inhibition by hexokinase and by DNP. The incubation medium contained that 
amount of mitochondria as indicated on the curve, 8.75 um of ADP, 0.003 Mm Mg**, 
and, when added, DNP toa final concentration of 3 X 1075 mM, 0.1 ml. of hexokinase 
solution, 20 um of glucose, and 9.66 um of ATP. Incubated for 15 minutes. 


crease in the amount of AMP formed. It can be noticed from Fig. 3 that 
only when hexokinase is added to the ADP is there a straight line rela- 
tionship between enzyme activity, as measured by AMP production, and 
enzyme concentration. Colowick and Kalckar (3) found that AMP, but 
neither inosinic acid nor adenosine, also caused an apparent inhibition of 
muscle adenylate kinase. It is difficult to decide whether ATP affects 
this inhibition of AMP formation from ADP by competing with ADP 
for the enzyme or whether it acts by shifting the equilibrium towards the 
formation of ADP. The data presented in Table II, which show the 
balance sheet with the 50 equivalent mg. level of mitochondria shown in 
Fig. 3, would seem to favor the latter hypothesis. It can be seen that, 
when only ADP is added, an equilibrium between the three nucleotides 
is reached in 15 minutes, for at this time there are slightly over 2 um each 
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of AMP and ATP and 4.5 um of ADP remaining in the medium. When 
approximately 10 um of ATP are added, there is a slight shift of the equilib- 
rium towards ADP formation, in the absence of a comparable addition of 
AMP. However, when more ADP is formed from ATP by the hexo- 
kinase reaction, there is a further production of AMP. 

Table III shows a comparison of the adenylate kinase specific activities, 
as well as the synthesis or destruction of ATP (by means other than 
adenylate kinase action) by the mitochondria of normal rat liver, fasting 
rat liver, and the regenerating liver after partial hepatectomy. The ad- 
enylate kinase specific activity of the normal liver mitochondria is much 
less than that reported by Kielley and Kielley (6), but is approximately 


TaB_e II 
Balance Sheet of Nucleotide Distribution after Adenylate Kinase Activity and Effect 
of Added ATP, Hezokinase, and DNP 
The figures given below are from the experiment reported in Fig. 3, when 50 
equivalent mg. of mitochondria were used. All reaction mixtures contained 
8.75 um of ADP. 


Additions 
None ATP Hexokinase DN 
AMP remaining................ 3.10 2.37 4.37 3.25 
—4.22 —2.81 —3.28 —4.02 


equal to the value given by Novikoff ef al. (10), if consideration is given 
to the fact that hexokinase, which doubles the rate, was used by the 
former authors but not used here. It can also be seen from Table III 
that the liver of the normally fed rat apparently contained within its 
mitochondria enough substrate to supply energy for the synthesis of ATP. 
In the mitochondria of the fasted rat there is apparently either a loss of 
oxidative or glycolytic activity or a decreased efficiency of the coupled 
phosphorylations, which permits the destruction of ATP to outpace its 
synthesis. Since rats eat very little food the Ist day after partial hepa- 
tectomy, the same explanation might account for the destruction of ATP 
in the mitochondria obtained from regenerating livers. It is of interest 
that when Mg** is not added there is a greater synthesis of ATP by the 
normal liver mitochondria than when Mg** is added. This might reflect 
a difference in the availability of Mg*t* within the mitochondria to the 
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adenylate kinase enzyme compared to the oxidative ATP-synthesizing 
system, since in the presence of exogenous Mg** there is a decrease in 
ATP synthesis with a concomitant increase in adenylate kinase activity. 


Taste III 


Adenylate Kinase Activity and Synthesis or Destruction of ATP by Mitochondria of 
Rat Livers under Various Conditions 
The incubation medium contained mitochondria, either ADP or AMP plus ATP 
as the initial substrate, and Mg**, when added, at a final concentration of 0.003 M. 
The figures given are the averages of the number of experiments given in the pa- 
rentheses. The values from different experiments varied to within +20 per cent 
of their averages. 


wm ATP per mg. N formed 
(+) or destroyed (—) by 

means other than adenylate 
kinase in 15 min. at 30°* 


uM AMP per mg. N converted 
Mg. N per by adenylate kinase in 15 min. 
Source of mitochondria c at 30 


Plus Minus Mg~* Plus Mg** Minus Mg** 


5 (6) 4.56 (6) (3) 42.2 
9.3 (2)5.5 (2) —4.1 (2) —3.4 
4.2 (2) 6.0 2) -7.6 (1) —4.9 


Liver of fed rat......... 5. (7) 
Regenerating livert..... 2.85 (2) 
3.20 (2) 


Liver of rat fasted 27 hrs. 
| 


*Caleulated by the difference in change in concentration of ATP from the 
change in concentration of AMP during the incubation. 
t 27 hours after partial hepatectomy. 


SUMMARY 


1. The ion exchange method of Cohn and Carter (14) was used to de- 
termine the adenylate kinase (myokinase) activity of rat liver mitochon- 
dria after incubation with either ADP or AMP plus ATP. 

2. Fluoride (0.01 mM) completely inhibited the enzymatic activity. 

3. Both Mg** and Ca*> activated the adenylate kinase of freshly 
prepared mitochondria, although the enzyme was still active without the 
added ions. In the aged mitochondria only Mg** activation occurred, 
suggesting that the activation by Ca** in the fresh preparation could be 
due to its stimulation of ‘‘ATPase.”’ 

4. It was found that DNP activates the breakdown of ATP to ADP 
and IP by “resting”? mitochondria, and that ADP inhibits this step. 

5. The inhibition of the formation of AMP from ADP after ATP was 
added is probably due to a shifting of the equilibrium towards ADP forma- 
tion. This apparent inhibition ean be relieved by hexokinase and to a 
lesser extent by DNP. 

6. A comparison was made of the adenylate kinase specific activities and 
of the endogenous syntheses of ATP in the mitochondria of the fed rat 
liver, the regenerating liver, and the fasted rat liver. 
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INHIBITION OF SPLEEN DIPHOSPHOPYRIDINE 
NUCLEOTIDASE BY NICOTINAMIDE, AN 
EXCHANGE REACTION * 
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SIDNEY P. COLOWICK 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, July 8, 1952) 


The enzymatic inactivation of diphosphopyridine nucleotide (DPN) has 
been known from the early studies of von Euler, Heiwinkel, and Schlenk 
(1) and Lennerstrand (2). Mann and Quastel (3) in 1941 noted that 
nicotinamide prevented the inactivation of DPN in brain preparations. 
Handler and Klein (4) demonstrated in animal tissues a splitting of the 
DPN molecule at the nicotinamide ribose linkage, and that this splitting 
was inhibited by nicotinamide. MelIlwain (5) and MeIlwain and Rod- 
night (6) have studied the nicotinamide-sensitive DPNase of brain in more 
detail, and have described the effect of compounds structurally related to 
nicotinamide on this enzyme. 

A DPNase from Neurospora crassa has been purified, which also cleaves 
DPN at the nicotinamide riboside bond (7, 8). Although this enzyme is 
very similar to the animal DPNases in its specificity toward a number of 
pyridinium compounds, it is relatively insensitive to the action of nico- 
tinamide (8). Adenosinediphosphate ribose (ADPR) has been isolated as 
one of the products of the action of the Neurospora enzyme on DPN. 
This product when tested with large amounts of nicotinamide does not 
vield DPN when treated with either the Neurospora or brain enzyme. 

The difference in the nicotinamide inhibition between the animal and 
Neurospora enzymes and the irreversibility of the animal system with 
concentrations of nicotinamide which completely inhibit the splitting of 
DPN led us to investigate the mechanism of nicotinamide inhibition in 
more detail. In the present communication evidence will be presented 
showing that nicotinamide is a non-competitive inhibitor of spleen DPNase, 
and isotope experiments will be described which suggest that nicotinamide 
acts by competing with water for an intermediate ADPR-enzyme complex. 


* Contribution No. 30 of the MecCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council, the Williams-Waterman Fund, and the Rockefeller 
Foundation. 
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Materials 


The DPN used in these experiments was a 65 per cent pure prepara- 
tion from the Sigma Chemical Company. Triphosphopyridine nucleotide 
(TPN) was prepared by the chromatographic procedure of Kornberg and 
Horecker (unpublished) and was approximately 75 per cent pure. Nico- 
tinamide mononucleotide was prepared from DPN by treatment with a 
purified snake venom pyrophosphatase and passage through a Dowex | 
anion exchanger (formate form) which retained the adenylic acid moiety. 
Nicotinamide riboside was obtained from DPN by incubation with intes- 
tinal phosphatase, followed by adsorption of the compound on a Dowex 
50 cation exchange column. The details of the preparations of the nucleo- 
tide and nucleoside will be published elsewhere. Adenosinediphosphate 
ribose was prepared as described previously (8). Desamino DPN was 
prepared essentially according to the procedure of Kaplan et al. (9) by 
treatment of DPN with nitrous acid. The excess nitrite was removed 
by adsorption on an anion exchange column. 

C'4-Nicotinamide (Cs;H4sN—C'ONH2) was obtained from the Oak Ridge 
National Laboratory. Dilution with unlabeled nicotinamide and two re- 
crystallizations from benzene yielded material of constant specific activity. 
Appropriate dilution of the radioactive nicotinamide with unlabeled mate- 
rial provided nicotinamide samples of specific activity from 600 to 7200 
¢.p.m. per uM. 

Crystalline yeast alcohol dehydrogenase was prepared according to the 
procedure of Racker (10). The Neurospora DPNase was purified from 
zinc-deficient mats, as described previously (8), and had an activity of 
25,000 units per mg. of protein. 


Methods 


Determination of Specific Radioactivity—The radioactive nicotinamide or 
DPN was determined by placing the samples on small aluminum disks and 
then drying under an infra-red lamp. The material was counted by a thin 
wall mica window counter. All counts reported here have been corrected 
for the background count, which ranged from 50 to 100 per minute. It 
was found that if 1 to 2 um of nicotinamide or DPN was used for the iso- 
topic determination very reproducible results could be obtained, and no 
correction for self-absorption was necessary. Nicotinamide concentration 
was determined by measuring the optical density at 260 mu. The increase 
in optical density that occurs upon acidification of a neutral solution of 
nicotinamide (11) was used as an index of nicotinamide concentration in 
the presence of oxidized DPN. The concentration of DPN was deter- 
mined by measuring the optical density increase at 340 mu on addition of 
excess alcohol and alcohol dehydrogenase at pH 10 (12). 


7 


L. J. ZATMAN, N. O. KAPLAN, AND S. P. COLOWICK 199 


Determination of Enzymatic Activity—<Activity of spleen DPNase was 
followed by means of the cyanide reaction of DPN (12), by essentially the 
same procedure described for the assay of the Neurospora DPNase (8). 
The reaction mixture consisted of 0.3 ml. of 0.1 mM phosphate (pH 7.2), 
400 y of DPN, and enzyme in a total volume of 0.6 ml. After incubation 
at 37° for 8 minutes, 3 ml. of m KCN were added, and the mixtures were 
read at 340 mp. The amount of DPN split is directly proportional to the 
concentration of enzyme until 65 to 70 per cent of the DPN is split. Meas- 
urements of the activity of the spleen DPNase by means of the cyanide 
reaction yield results which are identical with those obtained with alcohol 
dehydrogenase, indicating that the preparation was relatively free of nu- 
cleotide pyrophosphatase (13). A unit of enzyme is defined as that amount 
which will cause a splitting of 1 um of DPN in 1 hour. Specific enzymatic 
activity is defined as units per mg. of protein. Protein was determined by 
a modification of the method of Lowry et al. (14). 

Preparation of Spleen Enzyme—The DPNase of spleen was purified by 
differential centrifugation. 200 gm. of fresh beef spleen were homogenized 
ina Waring blendor with ice and water for 4 minutes and made to 750 ml. 
with ice water and 15 ml. of m NaHCO;. The connective tissue was re- 
moved by centrifugation at 2000 r.p.m. for 10 minutes; the resulting red- 
brown, Opaque supernatant fluid could be stored in the deep freeze for 
several weeks without more than 10 to 20 per cent loss in activity. A 100 
ml. portion of this crude material was centrifuged at 18,000 r.p.m. for 15 
minutes, and the residue resuspended in 60 to 70 ml. of 0.02 m NaHCO; 
and respun at 3000 r.p.m. for 5 minutes. The supernatant fluid was then 
centrifuged at 18,000 r.p.m. for 15 minutes and the residue, which was now 
free of red pigment, was resuspended in 80 ml. of 0.02 m NaHCO;.!. The 
suspension was finally centrifuged at 18,000 r.p.m. for 1 minute and the 
opaque supernatant fluid separated from the loose precipitate. The super- 
natant fluid contained the material of highest specific activity, usually 
about 30 to 35 units per mg. of protein, corresponding approximately to a 
6-fold purification from the initial homogenate. Further high speed cen- 
trifugation always sedimented more of the enzyme and attempts to render 
the enzyme soluble by heat, repeated freezing and thawing, 0.9 and 7 per 
cent NaCl (5), desoxycholate, and digitonin were unsuccessful. The high- 
est specific activity obtained to date is still less than 1 per cent of that of 
the purified DPNase from Neurospora. 


' When the enzyme was to be used in chromatographic experiments, distilled water 
was used, instead of NaHCO, for the final suspension of the residue, in order to 
avoid gas production upon acidification of the columns. 
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Results 


Previous results by Quastel and Zatman (15) had indicated that spleen 
and lung were the richest sources of mammalian DPNase. These results 
were obtained by a manometric method based on the dependence of the 
fermentation of an acetone-dried yeast extract on a supply of DPN; this 
observation was confirmed by spectrophotometric assay. The results in 
Table I show that beef spleen is more than 10 times as active as brain. 

Substrate Specificity—The initial rates of disappearance of triphospho- 
pyridine nucleotide, desamino DPN, nicotinamide mononucleotide (N MN), 
and nicotinamide riboside (NR) on incubation with the enzyme in the 
phosphate-buffered medium were determined by removing aliquots of the 
incubation mixture at suitable time intervals, and then assaying the com- 
pounds by the cyanide procedure. The substrate concentration in each 
case was 0.65 uM per ml. and the ratios of splitting relative to the rate for 


TaBLe 
DPNase of Beef Brain and Spleen Acetone Powders 


| 
| Units DPNase per gm. fresh tissue 


7 per cent NaCl extract 0.02 mM NaHCOs; extract 


DPN were, respectively, 50, 23, 0, and 0 per cent. It is interesting to note 
that, while NR was not attacked in a bicarbonate-buffered medium, in the 
presence of phosphate it disappeared at about 25 per cent the rate for DPN; 
this indicates the presence of the nicotinamide nucleoside phosphorylase 
recently described by Rowen and Kornberg (11). The rate of splitting of 
DPN was independent of phosphate, identical rates being obtained in the 
presence of 0.05 and 0.25 m phosphate buffer, pH 7.2, 0.05 M arsenate buffer, 
pH 7.2, and bicarbonate-CO:, pH 7.2. 

Inhibition by Nicotinamide—The sensitivity of the spleen enzyme to 
nicotinamide was determined spectrophotometrically in the system con- 
taining 0.65 um of DPN per ml. The nicotinamide concentration causing 
50 per cent inhibition was found to be 1.51 X 10~* M, in reasonable agree- 
ment with Quastel and Zatman’s value (15) of 1.75 & 10 m for beef brain 
and MclIlwain’s value (5) of about 1 X 10-* m for guinea pig or sheep brain 
and ox cord. In a similar experiment with the purified Neurospora DPN- 
ase, 10-2 m nicotinamide had no significant effect, in agreement with the 
previous observation of Kaplan, Colowick, and Nason (8); higher concen- 
trations of nicotinamide did inhibit the Neurospora enzyme, 50 per cent 
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inhibition occurring at 1.45 (Fig. 1). Non-specific inactivation 
seemed to be ruled out from analogous experiments with an “indifferent” 
reagent, 0.3 M NaCl having no effect. On the basis of these results it would 
appear that the spleen enzyme is approximately 100 times as sensitive to 
nicotinamide as is the Neurospora enzyme. 

Non-Competitive Nature of Nicotinamide Inhibition of Spleen DPNase— 
The splitting of DPN releases a hydrogen ion according to the following 


SPLEEN DOPN-ASE 
——o— NEUROSPORA DPN-ASE 


100 


Sus 


CENT INHIBITION 


I 
4 
= 1.51 XI I =1.45X10'"M 
1, 5 1.51 X10 


PER 
° 


-36 -3.0 -2.0 -1.0 
LOG, MOLARITY OF NICOTINAMIDE 
Fig. 1. Inhibition of spleen and Neurospora DPNases by nicotinamide. Each 
reaction mixture contained 0.65 um of DPN per ml., 0.05 m phosphate buffer, pH 7.2, 
2 units of enzyme, and varying concentrations of nicotinamide. Total volume, 0.6 
ml.; 8 minutes incubation at 37°; DPN assayed by cyanide reaction. J, concen- 
tration giving 50 per cent inhibition. 


schematic equation, in which A, R, P, and N represent the adenine, ribose, 
phosphate, and nicotinamide moieties of DPN. 


ARPPRN — ARPPR + N + Ht 
(DPN)  (ADPR) 


The rate of splitting can be followed manometrically by measuring the CO, 
liberation when the reaction is carried out in a bicarbonate-buffered me- 
dium (6). When a correction factor for CO, retention at high DPN con- 
centrations? was employed, it was found that in the presence of 10-7? m 
nicotinamide an increase in DPN concentration of 27-fold (from 0.65 to 
17.6 X 10-* m) did not result in any significant relief of the 90 per cent 
inhibition. In a subsequent experiment the concentration of nicotinamide 
used was 2.5 & 107° mM (to give approximately 50 per cent inhibition) and 


271.76 X 10°? mM DPN caused 22 per cent retention of the COs, liberated from 
NaHCO; by HCl. 
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again the concentration of DPN was varied over the same 27-fold range. 
The results in Table II show that the inhibition remained constant, indi- 
cating a non-competitive type of inhibition. The Lineweaver and Burk 
(16) plot (Fig. 2) shows an increase in both the slope and the intercept in 
the presence of nicotinamide, and thus the results meet the requirements 
for a non-competitive inhibitor. The control curve also yielded an ap. 
proximate value of 2 X 10-+ for the K,, of DPN. 

The non-competitive nature of the inhibition suggested that the effect of 
nicotinamide might be irreversible. However, it was found that the in- 
hibition was readily reversed by dilution or dialysis. 

Preliminary results with the Neurospora enzyme indicate a competitive 
inhibition; thus, with a DPN concentration of 0.67 * 10-3 m the inhibition 


TaBLe II 
Non-Competitive Inhibition of Spleen DPNase by Nicotinamide 

The main compartment of each vessel contained 0.011 m NaHCO; (plf 7.1 with 5 
per cent CO.) and varying amounts of a neutralized DPN solution; nicotinamide, 
when present, was added as 0.3 ml. of 2.5 K 10°? mM solution. 24 units of spleen 
enzyme were tipped from the side arm at zero time after 15 minutes thermal equi- 
libration. Total volume, 3.0 ml.; temperature, 37°; atmosphere, 95 per cent No- 
5 per cent COs. 


0.65 | 1.95 5.85 ieee 


Initial rate, uu split | | | 
0.181 0.092) 0.241 0.122) 0.2385 0.1387 0.241 0.135 


Inhibition, %........ 49 49 42 | 45 


by 0.2 mM nicotinamide was 79 per cent, while with 33 K 10-7 .mM DPN the 

same concentration of nicotinamide caused only 25 per cent inhibition. 
Working Hypothesis—The evidence for a non-competitive, but reversible, 

inhibition by nicotinamide of the spleen enzyme suggested a mechanism 


+ 
involving a two-step reaction, the primary formation of an ARPPR-en- 
zyme complex with the liberation of nicotinamide, followed by a hydrolysis 
of the complex to yield ARPPR, free enzyme, and a hydrogen ion. 

ARPPRN + enzyme S ARPPR-enzyme + N 
| 
{ 
ARPPR + enzyme + H* 


According to this hypothesis, the inhibition of the enzyme by nicotinam- 
ide would depend upon a competition between the nicotinamide and the 
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water for the ARPPR-enievine complex. Furthermore, in the presence of 
an inhibiting concentration of nicotinamide, free exchange should occur 
between the added nicotinamide and the nicotinamide moiety of DPN. In 
order to test the validity of this scheme, such experiments were carried out 
with C-labeled nicotinamide. 

Incorporation of C'-Labeled Nicotinamide into DPN—The specific activ- 
ity of the C-labeled nicotinamide was 7245 ¢.p.m. per uM. In a typical 
experiment the incubation mixture contained 660 um of DPN (neutralized 
with NaOH to pH 7; final concentration 1.32 * 10-° Mm), 3000 um of Cl- 


NO NICOTINAMIDE 
25X10 9M NICOTINAMIDE 


10.0F 


“4 
2x10 


0 0.2 04 06 08 1.0 1.2 1.4 1.6 
+ (x 10°) 
Fic. 2. Lineweaver and Burk (16) plot, demonstrating non-competitive inhibi- 
tion of spleen DPNase by nicotinamide. 


nicotinamide (6 & 10-7 m), 2240 units of spleen DPNase, and water to 50 
ml. At zero time an aliquot was assayed for DPN by the cyanide reaction 
and the remainder was incubated at 37°. After 2? hours a further assay 
indicated 30 per cent destruction of the coenzyme. A small scale control 
experiment in which the DPN and enzyme were incubated in the absence 
of nicotinamide showed over 90 per cent destruction of the DPN in 22 
hours. The main reaction mixture was then heated to 70° for 10 minutes, 
a treatment which destroyed the DPNase activity without significantly 
altering the DPN concentration. After cooling and centrifuging, the clear, 
yellow supernatant fluid was transferred to a Dowex 1 anion exchange resin 
(formate form, 200 to 400 mesh, 4 * 2 cm. column) and distilled water 
passed through the column, under pressure, at the rate of about 45 ml. per 


9.0 
8.0 
6.0 
@ 
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hour. The effluent was collected in 15 ml. portions in a Technicon auto- 
matic fraction collector and was analyzed spectrophotometrically (a) by its 
absorption at 260 my (nicotinamide + DPN) and (b) by the increase in 
absorption at 340 mu (DPN) on addition of crystalline yeast alcohol dehy- 
drogenase to an aliquot of the effluent in a mixture of 0.5 M ethanol in 0.1 
M tris(hydroxymethyl)aminomethane buffer at pH 10 (millimolar extine- 
tion coefficients, nicotinamide at 260 my = 2.85, DPNH at 340 my = 
6.30). The initial water effluent always contained, in addition to nicotinam- 
ide, a small amount of DPN (amounting to only a few per cent of the 
total), but after the first two or three tubes the effluent was essentially 
DPN-free. The column was usually washed overnight with water, during 
which time the 260 my readings fell to insignificant levels, indicating that 
all of the nicotinamide had been removed. The DPN was then eluted 
with 0.1 mM formic acid until the DPN content of the effluent, as assayed 
with alcohol dehydrogenase, fell to zero. Suitable aliquots from appro- 
priate tubes were then transferred to planchets, dried under the infra-red 
lamp, and the counts determined with a Geiger counter. The formic acid 
eluates containing the DPN were then combined (134 ml., 232 um of DPN), 
1 ml. of 5 N HNOs was added (blue to Congo red), and 1 liter of cold ace- 
tone added. The resulting white colloidal suspension was allowed to stand 
in the cold (4°) overnight, during which time the precipitate flocculated 
and could be centrifuged. After washing with acetone and drying in vacuo, 
142 mg. of an amorphous white powder were obtained, containing 180 uM 
of DPN by enzymatic assay, which corresponds to a purity of 84 per cent 
(uncorrected for moisture). 

The results of the nicotinamide and DPN analyses throughout the ex- 
periment, together with the radioactivity, are plotted in Fig. 3; the data 
obtained with formic acid as the eluent are given in Table III. 

The degree of purity of the DPN in the successive formic acid eluates ts 
indicated by the fact that the ratio of the optical densities at 260 and 340 
mu was constant at 3.0 to 3.1 and that the specific radioactivity also be- 
came constant (Table III). A sample of the final product was similarly 
analyzed; the value for Bogo/E34) was 3.0, while the specific radioactivity 
was 5430 ¢c.p.m. per uM. 

The theoretical value of the specific activity of the DPN for 100 per cent 
exchange is based on a complete equilibration between the added radioac- 
tive nicotinamide and the unlabeled nicotinamide moiety of the DPN; this 
is therefore 6/7.32 & 7245 = 5938 c.p.m. perum. In this experiment, the 
mean specific activity of the DPN in the formic acid eluates was 6350 
c.p.m. per uM (Table III), indicating an exchange of 107 per cent, while 
the specific activity of the isolated material was 5430 c.p.m. per uM, cor- 
responding to an exchange of 92 per cent. This suggests that the exchange 
reaction is close to 100 per cent complete. 


h 
\ 
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In a control experiment with an enzyme preparation which had been 
heated at 100° for 15 minutes, the DPN was devoid of radioactivity. 
Varying the period of incubation and the concentration of enzyme influ- 
enced the per cent exchange in the expected fashion. These results are 
summarized in Table IV. It should be pointed out that the rate of ex- 
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VOLUME THROUGH COLUMN (ML) 

Fic. 3. Separation of radioactive nicotinamide and radioactive DPN by passage 
through Dowex 1 anion exchange column (formate form); for details see the text. 
A, nicotinamide concentration; A, nicotinamide counts per ml.; divide ordinate 
scales by 10 for DPN values; @, DPN concentration; O, DPN counts per ml. 


TaBLeE III 
Formic Acid Elution of Radioactive DPN 
Tube No. | DPN,uM perml. C.p.m.perml. C.p.m. per um DPN 
69 | 1.04 | 6, 850 | 6580 3.1 
70 6.35 40,180 | 6330 3.0 
71 | 4.21 ae 6110 3.1 
72 | Se 7,340 | 6380 3.0 


Mean specific radioactivity = 6355 ¢.p.m. per um of DPN, 
* Ratio of absorption at 260 my before and at 340 my after reduction by alcohol 
and erystalline aleohol dehydrogenase. 


change in the presence of nicotinamide approaches in magnitude the rate 
of cleavage of DPN in the absence of nicotinamide. For example, in Ex- 
periments II and III (Table IV) the initial rates of cleavage in the absence 
of nicotinamide corresponded to 112 per cent and 275 per cent splitting, 
respectively, during the incubation period. 

Demonstration of C'4-Nicotinamide in Nicotinamide Moiety of Isolated 
DPN. Method I—5.3 um of the labeled DPN were incubated with 62 
units (0.02 ml.) of Neurospora DPNase in a total volume of 0.8 ml. for 20 
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minutes at 37°; the DPN almost completely disappeared as judged by the 
cyanide assay. The mixture was then transferred to an Amberlite IR-409 
anion exchange column (formate form, 50 mesh) and the effluent collected. 
Successive washings with 1 ml. of water were collected separately and the 
increase in optical density at 260 mu on addition of 0.1 ml. of 5 x HC| 
determined according to the method of Rowen and Kornberg (11). Pre- 
liminary determinations had shown that the extinction coefficient of nico- 
tinamide (but not of DPN or related quaternary nitrogen compounds) 
increases by 76 per cent on such acidification and the increase of 2.17 in 
the millimolar extinction could thus be used in estimating the nicotinamide 
concentration from such data. Suitable aliquots from each tube were 
dried on planchets and counted as usual. The results, plotted graphically 
in Fig. 4, demonstrate the simultaneous elution of the nicotinamide and 


TABLE IV 
Incorporation of C'4-Labeled Nicotinamide in DPN 
Experiment No. Incubation time | Enzyme per uw DPN Exchange 
I 1.0 | 1.33 31 
II 2.25 2.37 73 
| 2.25 (2.37) 0 


3.40 | 100 


* inzyme at 100° for 15 minutes. 
+ DPN isolated, 5893 ¢.p.m. per uM. 


the radioactivity from the column. ‘The control in which the DPN was 
incubated in the absence of enzyme showed insignificant disappearance of 
DPN during the 20 minute incubation period and no nicotinamide or radio- 
activity could be detected in the washings from the column. 

Method IIT—A 1:1 mixture of ethanol and 0.1 N acetic acid was found 
to be a suitable solvent for the separation of DPN, nicotinamide, and 
ADPR by paper chromatography. Development was allowed to proceed 
for approximately 10 hours, ascending, on Whatman No. 4 filter paper. 
After drying in air, the location of the spots was determined under ultra- 
violet light. Aliquots from incubation mixtures such as those described 
in Method I were analyzed by this procedure and the results shown in 
Fig. 5 were obtained. Untreated labeled DPN moved as a single spot, 
adequate separation being obtained with a mixture of DPN and nicotinam- 
ide. The labeled DPN after treatment with the DPNase yielded nico- 
tinamide and ADPR spots. The location of the radioactivity could also 
be determined semiquantitatively by running the paper under the Geiger 
counter; the results in Fig. 5 revealed that the radioactivity was associated 
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Fic. 4. Separation of radioactive nicotinamide from radioactive DPN after treat- 
ment with Veurospora DPNase. Incubation mixture passed through an Amberlite 
IR-400 anion exchange column (formate form) and washed with water. 
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Fic. 5. Paper chromatography of radioactive DPN, radioactive nicotinamide 
(N), a mixture of DPN and nicotinamide, and a sample of radioactive DPN treated 
with Newropsora DPNase. Solvent, 1:1 mixture of ethanol and 0.1 N acetie acid; 
ascending; No. 4 Whatman paper; approximately 10 hours. Spots detected by ultra- 
violet light; radioactivity, by cutting out spots and counting directly under the 
Geiger counter. The values on the spots represent counts per minute per micromole, 
uncorrected for self-absorption due to the paper. 


. 
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entirely with the nicotinamide spot of the split DPN. The DPN spots 
can be cut out, extracted with 0.1 m tris(hydroxymethy])aminomethane 
containing 0.5 M ethanol, and the presence of DPN easily demonstrated 
by addition of crystalline alcohol dehydrogenase in the spectrophotometer, 

Exchange Experiments with Neurospora Enzyme—Some data have been 
given above which suggest that the inhibition of the Neurospora DPNase 
by nicotinamide might be competitive with the DPN. Preliminary results 
with labeled nicotinamide have thus far failed to show any significant in- 
corporation of the label on incubation of DPN, C'-nicotinamide, and the 
enzyme as judged by chromatographic analysis of the incubation mixture 
on paper. 18 uM of DPN were incubated with 20 units of the Neurospora 
enzyme in the presence of 0.3 Mm C!4-nicotinamide (total volume, 0.5 ml.); 
after 1 hour at 37°, 50 per cent of the DPN had been split (cyanide reac- 
tion) and, after heating at 100° for 2 minutes, a 0.1 ml. aliquot was ana- 
lyzed on paper. Simultaneously, an identical experiment was carried out 
with 26 units of the spleen enzyme; no significant breakdown of DPN 
occurred during the hour’s incubation. Under the Geiger counter the DPN 
spot from the Neurospora experiment showed only 39 ¢c.p.m., while the 
spleen DPN spot gave 1245 ¢.p.m. The identities of the DPN spots were 
confirmed by elution and testing with alcohol dehydrogenase. These re- 
sults are of a preliminary nature and we hope to publish the results of a 
more detailed investigation in a subsequent paper. 


DISCUSSION 


The unequivocal evidence for incorporation of the C-labeled nicotin- 
amide into DPN under the experimental conditions described provides 
strong support for the suggested reaction mechanism for the spleen en- 
zyme. _ hypothesis that fission of DPN involves the formation of an 


ARPPR-enzyme complex satisfactorily explains the inhibition by nico- 
tinamide and the failure to observe DPN synthesis from nicotinamide and 
ARPPR in the presence of the enzyme. 


It should be emphasized that the ARPPR-enzyme complex suggested 
here is not a dissociable enzyme-substrate complex of the type proposed 
by Michaelis, but rather a covalent-linked compound in which the energy 
of the nicotinamide ribose bond is conserved. It may readily be calcu- 
lated from the equilibrium constant for the phosphorolysis of nicotinamide 
riboside (11) that the free energy of hydrolysis of the nicotinamide ribose 
bond is about —8200 calories at pH 7 and 25°.2 It is therefore inconceiv- 

* The equilibrium constant for the synthesis of nicotinamide riboside has been 
ealeulated by Rowen and Kornberg (11) from the equation 

[NR]{orthophosphate] 

[nicotinamide ][ribose-1-phosphate]|H*| 
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able that appreciable incorporation of labeled nicotinamide into DPN could 
occur by a reversal of the hydrolytic reaction, and one is led to the conclu- 
sion that incorporation occurs through the conservation of the ‘‘energy- 


rich” linkage, presumably in the form of an ARPPR-enzyme complex.* 

The idea that certain enzymes act by participating in the formation of 
complexes of this type was proposed by Langenbeck (17). If such com- 
plexes are formed, the possibility arises that the “‘energy-rich” group R~ 
attached to the enzyme may, instead of undergoing hydrolysis, react with 
either (a) its original partner, X, or (6) with another molecule, Y, which 
may be structurally similar to X. 


R~ X + enzyme s R ~ enzyme + X 
/ H20 
Enzyme + R R ~ Y + enzyme 


In case (a), there is no net reaction and the process can be demonstrated 
only by means of isotope exchange. In case (b), the net reaction is a group 
transfer, | 

R~X+YSR~Y4X 
Strong support for the Langenbeck theory is derived from the fact that 


several hydrolytic enzymes have in recent years been shown to catalyze 
group transfer reactions. Among these are certain phosphatases which 


and their value of approximately 10 was obtained by expressing the hydrogen ion 
concentration in micromoles per ml. When this term is expressed as moles per liter, 
however, the constant for the synthesis becomes 10+ and for the phosphorolytic 
split, 10-4. For determination of the free energy change during the phosphorolysis 
at pH 7 correction must be made for the hydrogen ion concentration at this pH 
and K’ thus becomes 10°, Substitution in the equation AF’? = —RT In K’ vields 
AF’? = —4200 calories. Assuming that the free energy of hydrolysis of ribose-1- 
phosphate is similar to that for glucose-1-phosphate, 7¢.e. approximately —4000 cal- 
ories, then the free energy of hydrolysis of NR = approximately —8200 calories. 


*Some evidence indicating that the ARPPR-enzyme complex cannot exchange 
with free ARPPR is given by the following experiment. TPN was incubated with 
the spleen enzyme in the presence of ARPPR and a concentration of nicotinamide 
which completely inhibits the splitting of the added TPN. If the ARPPR could 


+ 

replace the A-R-P-P-R in the A-R-P-P-R-enzyme intermediate formed from TPN, 
P P 

one might expect DPN to be formed under the experimental conditions. However, 


as no DPN was formed, there appears to be no exchange between the free ARPPR 


and the ARPPR-enzyme complex. 
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can catalyze phosphate group transfer to various hydroxy compounds (18), 
peptidases which can catalyze transfer of the aminoacy! group to various 
amino acids (19-21), and an invertase preparation which can catalyze 
the transfer of the fructofuranoside group to alcohols (22). To strengthen 
further the view that the group transferred may exist as a complex with 
the enzyme, it would be desirable in all these cases to do experiments of 
the isotope exchange type. In every instance in which a hydrolytic reac- 
tion is strongly inhibited by one of the reaction products, it appears likely 
that an exchange reaction of the type described in this paper may be in- 
volved. 

In the ease of non-hydrolytic enzvmes that catalyze group transfer, there 
are now several instances in which there is good evidence for the existence 
of an intermediate complex between the enzyme and the group transferred. 
The already classical example is that of the ‘‘sucrose phosphorylase” from 
Pseudomonas saccharophila, which can transfer the glucopyranoside group 
from sucrose not only to phosphate but to a wide variety of monosaccha- 
rides related to fructose (23). A more recent example is the enzyme in 
Lactobacillus helveticus, which can transfer the desoxyriboside group in nu- 
cleosides to either purine or pyrimidine bases (24). In both of these cases, 
the postulation of an intermediate enzyme-glycoside complex has been sup- 
ported by exchange experiments carried out In the absence of an acceptor 
group. Under these conditions, no net reaction occurs, but it can be shown 
with isotopes that an exchange has occurred between the added glycoside 
and the aglycone (25, 26). 

In the present case, an enzyme-glycoside complex is also postulated on 
the basis of exchange experiments, but whether or not the DPNase can 
participate in group transfer reactions has not yet been investigated. It 
is conceivable that in the presence of certain inhibitors of DPNase (struc- 
tural analogues of nicotinamide) the ARPPR group might be transferred 
to the analogue yielding the DPN analogue ARPPRX which, depending 
on the nature of “X’’, may or may not be active in electron transport. 
Experiments to test this possibility are now being carried out. 

It will be noted that in the exchange reaction with DPNase no net syn- 
thesis of DPN occurs and, from this point of view, the reaction may be of 
little significance as far as the biosynthesis of DPN is concerned in vivo. 
However, the possibility also exists that the enzyme might play a role in 
the conversion of a precursor such as ARPPRX to DPN in the presence 
of nicotinamide. 

The DPNase of Neurospora has been shown to be about 100 times less 
sensitive to the inhibiting effect of nicotinamide than the spleen enzyme. 
If the difference in sensitivity of the Neurospora and spleen enzyme were 
merely due to a 100-fold difference in affinity of the nicotinamide for the 
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+ 
\RPPR-enzyme complex, then incorporation of C'*-nicotinamide into 


DPN would have been expected with the Neurospora enzyme at high nico- 
tnamide concentrations. Since no incorporation was found, the mecha- 
nism of inhibition of the Neurospora enzyme by nicotinamide appears to 
be different from that postulated for the spleen enzyme. This view 1s sup- 
ported by the preliminary experiments reported here, which indicate that 
the inhibition in the case of the Neurospora enzyme is due to a competition 
of nicotinamide with DPN for the same active center on the enzyme. Such 
a situation would resemble the competitive inhibition of DPN-requiring 
dehydrogenases by high nicotinamide concentrations, recently reported by 
Feigelson, Williams, and Elvehjem (27). In these circumstances, incor- 
poration of the C'™-nicotinamide into DPN would not be expected to be 
catalyzed by the Neurospora enzyme. 


SUMMARY 


1. The mode of action of enzymes which catalyze the cleavage of diphos- 
phopyridine nucleotide at the nicotinamide riboside linkage has been stud- 
ied. The enzyme preparations used were obtained from beef spleen, which 
is a richer source than brain, and from Neurospora crassa. The spleen 
enzyme was a particulate preparation purified about 6-fold by fractional 
centrifugation. The Neurospora enzyme was a soluble fraction prepared 
as described elsewhere. 
2. The spleen enzyme is similar to the Neurospora enzyme in specificity, 
attacking only the oxidized forms of DPN and TPN and having no action 
on nicotinamide mononucleotide or nicotinamide riboside. The dissocia- 
tion constant of the spleen enzyme-DPN complex 1s about 2 X 1074 M, 
which is of the same order of magnitude as that for the Neurospora enzyme. 
3. Thespleen enzyme is inhibited 50 per cent by 1.51 & 10-* M nicotinam- 
ide, and this inhibition is non-competitive with respect to the DPN. The 
purified enzyme from Neurospora is about 100 times less sensitive, requiring 
1.45 X 10-1 mM nicotinamide for 50 per cent inhibition; preliminary evidence 
suggests that nicotinamide is competitive with the DPN in this system. 
4. A mechanism for the mode of action of the spleen enzyme has been 


proposed which involves the formation of an intermediate ARPPR-en- 
zyme complex; competition for this complex between nicotinamide and 
water explains the hydrolysis of DPN and the non-competitive inhibition 
(with respect to DPN) in the presence of nicotinamide. C"-labeled nico- 
tinamide has been shown to be incorporated into the DPN in the presence 
of the spleen enzyme and the radioactive DPN isolated. Subsequent anal- 
ysis of the labeled product by ion exchange and paper chromatography 
has demonstrated the association of the label with the nicotinamide moiety 
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of the DPN. This exchange of nicotinamide provides strong support for 
the theory of the mode of action of the enzyme. The technique provides 
a convenient method for the labeling of DPN in the nicotinamide moiety, 

5. Preliminary experiments have failed to yield any labeled DPN from 
labeled nicotinamide with the Neurospora enzyme. 
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A SPECIFIC ADENOSINETRIPHOSPHATASE OF LIVER 
MITOCHONDRIA 


By W. WAYNE KIELLEY ano RUTH K. KIELLEY 


(From the Section on Cellular Physiology, National Heart Institute, and the Laboratory 
of Biology, National Cancer Institute, National Institutes of Health, United 
States Public Health Service, Bethesda, Maryland) 


In the dephosphorylation of ATP! by liver mitochondria, both labile 
phosphate groups of ATP are removed as inorganic orthophosphate. The 
presence of an adenylate kinase (myokinase, ADP-phosphomutase) in liver 
(1) and its localization in liver mitochondria (2-4) suggest that the appar- 
ent apyrase activity of mitochondria is the combined activity of a true 
ATPase and the adenylate kinase. We have reported preliminary work on 
the ATPase activity of a particulate fraction of disintegrated mitochondria 
which splits off only the terminal phosphate group of ATP and which is 
specifically inhibited by ADP (5). This report presents these results in 
detail, with further observations on the properties of the enzyme. 


EXPERIMENTAL 


Preparation of AT Pase Fraction—Mitochondria from 6 to 7 gm. of mouse 
liver were prepared in isotonic sucrose, as previously described (2), and 
suspended in 20 ml. of 0.003 m Kz2HPO,. The mitochondria were broken 
up by mixing the suspension in a chilled stainless steel micro Waring 
blendor for 2 minutes. After centrifugation at 20,000 X g for 10 minutes, 
the supernatant was drawn off and the residue, suspended in 15 ml. of the 
dilute phosphate solution, was homogenized in the blendor and again cen- 
trifuged. The combined supernatants (slightly turbid) were centrifuged 
at 110,000 * g for 30 minutes. The sedimented red-brown gel was sus- 
pended in 4.0 ml. of 0.003 m K,HPO,. These suspensions contained about 
0.7 mg. of N per ml. For activity measurements, a 0.1 ml. aliquot of a 
10-fold dilution of this suspension in 0.05 M histidine, pH 7.5, was employed. 

Materials and Methods—The ATP, ADP, and AMP preparations em- 
ployed were commercial products. The ATP was 85 to 90 per cent pure 
and the ADP 93 per cent pure as determined by assay with hexokinase and 
myokinase. ITP was prepared from ATP by deamination and isolation 
as the Ba salt according to the procedure of Kleinzeller (6) and was also 


' The following abbreviations are used: ATP, adenosinetriphosphate; ADP, ade- 
nosinediphosphate; ATPase, adenosinetriphosphatase; AMP, adenosine-5’-phos- 
phate; ITP, inosinetriphosphate; IDP, inosinediphosphate; 7’ P, acid-labile phos- 
phate hydrolyzed to inorganic orthophosphate in 7 minutes at 100° in 1 ~ HCl; 
PCA, perchloric acid; DPN, diphosphopyridine nucleotide. 
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obtained commercially (Sigma). IDP was prepared from ITP with hex. 
okinase and isolated as the Ba salt. All analyses for phosphate and nitro- 
gen were conducted as previously described (2). 

The experimental conditions for determining ATPase activity are pre- 
sented with the tables and figures. After the specified incubation period, 
usually 5 minutes, the reaction was stopped by adding 1 ml. of 5 per cent 
PCA. Inorganic phosphate was determined on an aliquot of the clear 
supernatant. 


PHOSPHATE RELEASED-MICROMOLES / ml. 


) 20 40 60 80 
TIME -MINUTES 

Fic. 1. Hydrolysis of ATP, ITP, and ADP by whole mitochondria and the ATPase 
fraction of mitochondria. Curve I, hydrolysis of ATP by whole mitochondria; 
Curve II, hydrolysis of ATP by the ATPase fraction; Curve ILI, hydrolysis of ITP 
by the ATPase fraction; Curve IV, hydrolysis of ADP by the ATPase fraction. 
Horizontal lines indicate, from top to bottom, total 7’ P of ATP, first P of ATP, and 
first P of ITP. The ADP concentration was 0.005 m. Concentration of mitochon- 
dria equivalent to 0.63 mg. of N per ml. of incubation medium; concentration of 
ATPase equivalent to 0.073 mg. of N per ml. incubation medium. The composition 
of the incubation medium otherwise was that given for Table I. 


Results 


Substrate Specificity—The hydrolysis of ATP by intact mitochondria and 
by the ATPase fraction is shown in Fig. 1. Whereas whole mitochondria 
appeared to remove both labile phosphate groups of ATP without distine- 
tion, the ATPase fraction removed, for the most part, only the terminal 
phosphate. The slow release of inorganic phosphate seen after removal of 
the first phosphate group indicates that some ADP was _ hydrolyzed. 
Under the usual conditions for determining ATPase activity, there was 
ordinarily no observable dephosphorylation of ADP, but occasionally some 
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hydrolysis was observed, in the range of 1 to 2 per cent of the rate with 
ATP, as is seen in Fig. 1. Likewise, little or no dephosphorylation of 
AMP, inorganic pyrophosphate, or thiamine pyrophosphate occurred. As 
shown in Fig. 1 and also in Table III, ITP was appreciably hydrolyzed, at 
about one-half the rate of ATP. Since the resulting [DP was also slowly 
hydrolyzed, it is probable that the removal of labile phosphate from ADP 
and [DP seen after relatively long periods of incubation was not through 
adenylate kinase, which does not act on IDP, but through some other 
phosphatase activity. 

Recovery of ATPase Activity—It was of interest to determine whether 
the true ATPase activity found in the fraction isolated from disintegrated 
mitochondria could account for most of the ATP-dephosphorylating activ- 


I 
Separation and Recovery of ATPase Activity from Disintegrated Mitochondria 


0.1 ml. of a suitable dilution of the enzyme fraction was incubated in a medium 
containing 0.05 m histidine (pH 7.5), 0.033 mw KCI, 0.005 m MgClo, and 0.005 mu ATP. 
Final volume, 1 ml.; time, 5 minutes: temperature, 28°. 


Total activity, |Specific activity, um P 
_#M P released | released per mg. N 


Fraction 


Whole mitochondria in 0.003 mM K2HPO, (from 13 gm. 


Disintegrated 1062 26.9 
Supernatant after centrifugation at 20,000 X g..... 661 Not determined 
Pellet from supernatant spun at 110,000 X g....... 556 114.0 


ity of mitochondria. An example of the distribution of ATPase activity 
at various stages in the preparative procedure is given in Table I. The 
ATPase activity of freshly prepared mitochondria suspended in the hypo- 
tonic 0.003 m K2HPO, was very much greater than the usual low activities 
obtained when isotonic sucrose is used as the suspending medium (of the 
order of 0.3 um P split per 5 minutes per mg. of N) (2). Disintegration 
of the particles resulted in a 2-fold increase in activity. About 60 to 70 
per cent of the maximum activity released by disintegration was recovered 
in the supernatant after centrifugation at 20,000 < g, and 80 to 90 per 
cent of this activity was in turn recovered in the pellet after centrifugation 
at 110,000 & g. These recoveries indicate that the ATPase activity found 
in this fraction of disintegrated mitochondria is probably the principal type 
in the mitochondria. 

Metal Ion Activation—The response of the ATPase to Mg and Ca con- 
centration is shown in Table II. It is evident that the enzyme is Mg- 
activated. In the range of the optimum Mg concentration, the activity 
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was reduced about 25 per cent by an equivalent concentration of Ca. 
These observations are in agreement with the conclusions of Novikoff et al. 


(4). 


TaBLe II 
Effect of Mg and Ca on ATPase Activity 


Except for the Mg and Ca concentrations, the conditions of the experiment were 
those given in Table I. 


Activity, um P released per 5 min. 


| Mg Ca 
0.00 0.03 0.03 
0.25 0.14 | 0.03 
0.50 0.25 | ().02 
1.00 0.40 0.03 
2.00 0.51 0.04 
3.00 0.57 0.06 
5.00 0.61 0.07 
8.00 0.55 0.12 
10.00 0.49 0.14 
4.00* 0).44* 


* In the presence of an equivalent concentration of Ca. 
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0°55 60 65 70 75 80 85 90 95 
pH 
Fic. 2. Influence of Mg concentration on the pH-activity relationship of the 
ATPase. For all curves the ATP concentration was 0.005 m. Mg concentration, 
Curve I, 0.0025 m; Curve II, 0.005 m; Curve III, 0.01 m. The conditions ot herwise 
were those given for Table I. 
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Influence of pH—At pH 7.5 maximum ATPase activity was obtained 
when the ATP and Mg concentrations were equal over the range 0.001 mM 
to 0.01 m (Tables III and VI). Mg in excess of the ATP concentration 
was inhibitory. However, this optimum ratio of Mg to ATP was influ- 


TaBce III 
Influence of Phosphate Compounds on ATPase Activity 
Mg concentration equal to ATP concentration; other additions as indicated. 
Other conditions as for Table I. 


Preparation No. Additions split 
5-7 0.008 ATP 0.98 
| 0.004 ADP | 0.57 
| ITP | 0.85 
| 0.004 IDP | 0.82 
0.005 ADP | 0.00 
0.008 ITP | 0.54 
| 0.002 IDP | 0.37 
| 0.002 ** ADP | 0.08 
6-7 ATP | 0.87 
0.008 m AMP | 0.91 
0.008 PO, | 0.93 
| 0.008 ‘* pyro P | 0.82 
0.002 ** ADP | 0.67 
11-27 0.004 m ATP | 0.54 
0.0017 m ADP | 0.39 
0.0022 ** IDP | 0.55 
12-3 0.005 wm ATP | 0.96 
0.005 mM thiamine pyrophos- | 1.02 
phate 
1-15 0.005 Mm ATP | 0.81 
0.002 mM PO, | 0.95 
| 0.002 pyro P | 0.76 
| 0.002 thiamine pyrophos- 0.75 
phate 
0.002 IDP 0.76 
0.002 ** ADP 0.53 


enced by pH. Fig. 2 shows the effect of Mg concentration on the pH- 
activity relationship. The true pH optimum appeared to be about 8.5 
(range 8.2 to 8.7) when the Mg concentration was one-half that of the 
ATP. With higher Mg concentrations (Mg:ATP ratios greater than 0.5) 
the curves became irregular in shape, suggesting a shift in pH optimum 
toward lower values, as shown in Fig. 2. In other experiments with lower 
Mg concentrations (Mg: ATP ratios less than 0.5), not shown in Fig. 2, the 
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pH optimum remained at 8.5, although the activities were lower because of 
limiting Mg concentrations. ‘The type of curves obtained in these cases 
was similar to Curve [ in Fig. 2. 

Inhibittion—Early observations on the complete hydrolysis of ATP with 
low levels of enzyme indicated that the products of the reaction inhibited 
the ATPase. Subsequent experiments demonstrated that ADP was in- 


TaBLe LV 
ADP Inhibition versus ADP Concentration 
Medium, 0.004 m ATP, 0.004 um MgCl... Other conditions as for Table I. 


ADP concentration Activity, wm P split in 5 min. 
0.0000 0.87 
0.0005 0.80 
0.0010 0.75 
0.0020 0.61 
0.0030 0.52 
0.0040 0.47 
0.0060 0.32 
0.0080 0.24 
TaBLe V 


ADP Inhibition versus Enzyme Concentration 
Medium, 0.004 m ATP, 0.004 mM MgCl... Other conditions as for Table I. 


: Activity, am P split i in. 
Enzyme concentration, | ctivity, aM P split in 5 min 
> N per mil. 


No ADP 0.002 ADP 0.004 ADP 
5.3 0.50 0.38 0.22 
10.6 | 0.92 0.68 0.46 
15.9 | 1.30 0.92 0.64 
| 1.54 1.12 0.77 


hibitory. Table III shows the effect of ADP and a number of other phos- 
phate compounds on ATPase activity. It can be seen that the inhibition 
by ADP was of appreciable magnitude. IDP and ITP also inhibited the 
ATPase to some extent, but the inhibition was not very consistent and 
was considerably less than that due to ADP. It can also be seen in Table 
III that both IDP and ADP inhibited the splitting of ITP, but ADP 
was more effective. Of the other phosphate compounds tested, AMP and 
inorganic orthophosphate consistently produced a slight activating effect. 

Further studies on ADP inhibition showed that the inhibition was a 
function of ADP concentration (Table TV) and that the per cent inhibition 
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at different levels of ADP was independent of enzyme concentration (Table 
V). Since there was the possibility that ADP might inhibit by binding 
Mg and thereby reduce the effective Mg concentration for maximum 
ATPase activity, the effect of Mg on ADP inhibition was studied. The 
results in Table VI indicate that the optimum Mg concentration for 


Taste VI 
ADP Inhibition versus Mg Concentration 


Medium, 0.0024 m ATP, Mg and ADP concentrations as given below. Other con- 
ditions as for Table I. 


Activity, um P split in 5 min. 
Mg concentration 


No ADP 00,0012 ADP 
M 
0.00012 0.38 0.19 0.11 
0.00024 0.47 0.27 0.16 
0.0004 0.55 0.33 0.21 
0.0006 0.61 0.38 0.25 
0.0012 0.69 0.48 0.33 
0.0024 0.72 0.52 0.40 
0.0048 0.71 0.49 0.35 
0.0096 0.62 0.40 0.27 


1 
2 6 8 
Fic. 3. ADP inhibition as a function of ATP concentration. Ordinate, um~! 
per 5 minutes; abscissa, um™! per liter. Curve A, no ADP; Curve B, 0.002 ADP: 
Curve C, 0.004 m ADP. O, Mg, 0.005 m: @, Mg = ATP. Other conditions as in 


Table I. 
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ATPase activity was not affected by ADP. For a given concentration of 
ADP, the amount of inhibition produced (‘no ADP” minus ‘with ADP”) 
was nearly a constant for all levels of Mg tested. 

In an attempt to define the mechanism of the ADP inhibition, experi- 
ments of the Lineweaver-Burk (7) type were performed, but the results 
did not enable us to determine dissociation constants for the complexes of 
enzyme and ATP or ADP with certainty. In the absence of inhibitor the 
results usually gave linear plots, as in Fig. 3, Curve A. However, values 
for K,, varied widely, depending on the enzyme preparation. While it 
may be reasonable to assume that ADP inhibition is reversible (Curves B 
and C, Fig. 3), it is evident from the non-linear form of these curves that 
the results are not consistent with the usual presentation of competitive 
inhibition. The non-linearity of the curves does not appear to involve Mg 
as a complicating factor, since the form of the curves was the same regard- 
less of whether the Mg concentration was held constant or whether the 
Mg was held equal to the ATP concentration at each point. In the former 
case, inhibition by excess Mg is rather small for the lower concentrations of 
substrate (see Table VI), and, although this effect is more pronounced in 
the presence of ADP, the characteristics of the results in Fig. 3 were not 
materially influenced by this manipulation of the Mg concentration. 

DISCUSSION 

The results presented in this paper on the separation of ATPase activity 
from the adenylate kinase of mitochondria and the demonstration that the 
ATPase activity in the isolated fraction removes only the terminal phos- 
phate group of ATP provide a reasonable explanation for the apparent 
apyrase nature of the ATP-dephosphorylating activity of mitochondria. 

The ATPase activity in the isolated fraction is associated with small 
particles obtained from disintegrated mitochondria which are not easily 
sedimented at 20,000 X g but come down readily at 110,000 & g. ‘These 
preparations contain in addition to ATPase activity other activities such 
as DPN-cytochrome c reductase, cytochrome oxidase, and succinoxidase. 
Preparations with similar oxidative properties have been obtained from 
mitochondria by sonic vibration by Hogeboom and Schneider (8). In 
many respects, the ATPase preparation described here for liver mitochon- 
dria resembles the Mg-activated ATPase of muscle (9). 

The relationship between Mg and ATP concentrations for maximum 
ATPase activity (Mg: ATP ratio of 1 at pH 7.5) led us to suggest previously 
(5) that the true substrate of the ATPase might be a specific ATP-Mg 
complex. Similar circumstances have led Hers (10) to propose that such 
a complex is the substrate of liver fructokinase. In the present study the 
combination of ADP and the ATPase apparently independent of Mg and 


e 
| 
4 


= 


W. W. KIELLEY AND R. K. KIELLEY 221 


the inhibition of the enzyme by ‘excess’? ATP suggest that Mg is not 
essential for combination of enzyme and nucleotide and the presence of 
Mg in the complex is primarily a requirement for the hydrolytic reaction. 
Since the affinity of the enzyme for ATP and ADP appears to be nearly 
the same and AMP and inorganic pyrophosphate are not inhibitory, it 
might be assumed that the structural specificity of the active centers of the 
enzyme is met by the ADP unit. Hers (10) observed that in the presence 
of Mg there was an apparent decrease in pK; (the secondary acid group of 
ATP). In view of our observations on the increase in the activity of the 
ATPase at pH values acid to the pH optimum induced by increasing the 
Mg concentration, it may be that Mg functions in the hydrolytic reaction 
by increasing the negative charge on the terminal phosphate of ATP, the 
process being visualized as a strain produced in the terminal pyrophosphate 
bond by an adjacent negatively charged group on the enzyme. 

It has been previously shown that the ATPase in intact mitochondria is 
relatively inactive (2), and it is tempting to attach significance to the ADP 
inhibition noted in these studies as a mechanism by which the ATPase is 
held in the inactive state. Considerable quantities of ADP can be esti- 
mated in fresh mitochondria, and, if this should prove to be its function in 
part, then the affinity of the ATPase for ADP must be much greater in the 
intact mitochondria than it is in the isolated state. 


SUMMARY 


The ATPase activity of liver mitochondria has been separated from the 
bulk of the mitochondrial protein and from the adenylate kinase by differ- 
ential centrifugation of the distntegrated particles. The activity is associ- 
ated with small particles which are not easily sedimented at 20,000 x 4g, 
but are readily sedimented at 110,000 X g. It has been demonstrated that 
the ATPase in the isolated fraction is specifically activated by Mg and 
removes only the terminal phosphate group of ATP. ADP in concentra- 
tions comparable to the substrate concentration produces a marked inhibi- 
tion of the ATPase activity which was not observed with other phosphate 
compounds tested. The results suggest that the dephosphorylation of 
ATP by mitochondria which progresses to the splitting off of both labile 
phosphate groups occurs through the combined action of a specific ATPase 
and adenylate kinase. 
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OCCURRENCE AND PROPERTIES OF A CONJUGATED FORM 
OF LEUCONOSTOC CITROVORUM FACTOR* 


By V. M. DOCTOR anp J. R. COUCH 


(From the Department of Biochemistry and Nutrition, Texas Agricultural Experiment 
Station, Texas Agricultural and Mechanical College System, 
College Station, Texas) 


(Received for publication, July 28, 1952) 


Sauberlich and Baumann discovered the Leuconostoc citrovorum factor 
(CF) in 1948 (1). Since that time several workers (2-9) have investigated 
the biological properties of CF and determined its relationship to pteroyl- 
glutamic acid (PGA) and its enzymatic release from natural materials. 
The CF content of Reticulogen is increased 5 per cent on incubation with 
hog kidney enzyme (1). A 2- to 3-fold increase in CF resulted when 
samples of beef liver and beef round were incubated with pancreatin for 48 
hours (10). A 12-fold increase in the CF content of a brewers’ yeast has 
been obtained on incubation with hog kidney enzyme (11). Chick liver 
contains a CF-liberating enzyme which is activated by ascorbic acid, ac- 
cording to reports of Hill and Scott (12, 13). Winsten and Eigen (14) used 
bioautographic techniques and were able to separate four factors which 
are active for L. citrovorum 8081. 

The present report is concerned with the separation and occurrence of a 
conjugated form of CF in yeast extract (Difco), liver fraction L (Wilson), 
and fresh autoclaved chick liver. 


EXPERIMENTAL 


Preparation of Hog Kidney and Chick Pancreas Enzymes—F¥resh hog kid- 
ney was homogenized with 3 parts of distilled water, centrifuged, and the 
centrifugate filtered through Super-Cel (15). The clarified extract was 
stored in the frozen state. The chick pancreas enzyme was purified by the 
method of Laskowski et al. (16, 17). 100 gm. of fresh chicken pancreas 
were homogenized in a Waring blendor with 2 volumes of 0.1 mM phosphate 
buffer, pH 7. After autolysis for 24 hours at 37° under toluene, the autol- 
ysate was centrifuged and the middle brownish layer separated from the 
settled residue and upper fat layer. This brownish liquid was treated with 
an equal volume of 0.1 Mm tricalcium phosphate suspension. The adsorp- 


* This work was supported by a grant-in-aid from the Lederle Laboratories Divi- 
sion, American Cyanamid Company, Pearl River, New York. 

This paper was presented before the annual meeting of the American Institute 
of Nutrition in New York, April, 1952. 
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tion complex was separated from the supernatant by centrifugation and 
discarded. The centrifugate was chilled to 5°, mixed with an equal amount 
of ice-cold absolute ethanol, and maintained at 5° for about an hour, cen- 
trifuged, and the supernatant solution discarded. The precipitate was 
suspended in 100 ml. of 0.1 mM phosphate buffer, pH 7, and thoroughly 
mixed. After centrifugation, the supernatant solution was collected and 
stored frozen in tubes. The chick pancreas enzyme prepared in this man- 
ner did not contain any measurable CF activity while the hog kidney 
enzyme contained activity equivalent to 5 to 10 mugm. of CF (C.H.23N;0;) 
per ml. 

Paper Strip Chromatography with Wet Symmetrical Collidine—Descending 
chromatography of Winsten and Eigen (14, 18) was used to separate growth 
factors for L. citrovorum 8081 found in yeast extract (Difco), liver fraction 
L (Wilson), liver concentrate paste (Wilson, 1:20), and liver extract (Wil- 
son). 10 to 15 wl. of the materials to be tested were spotted individually 
on a4 X 16 inch paper strip (Eaton-Dikeman No. 613). Wet symmetrical 
collidine was run over the strips for 40 hours. The strips were air-dried 
and cut lengthwise into two } X 16 inch strips. One of these was bioauto- 
graphed on nutrient agar containing purified chick pancreas enzyme and 
seeded with L. cttrovorum 8081. The remaining strip was bioautographed 
on nutrient agar seeded with L. cztrovorum 8081, but not containing chick 
pancreas enzyme. The nutrient agar was made up by using the single 
strength basal Medium VI of Steele et al. (19) with acid-hydrolyzed casein 
as the source of part of the amino acids and with 2 per cent Bacto-agar 
added. 

Release of CF by Chick Pancreas and Hog Kidney Enzymes—CF was 
released from four samples of yeast, yeast extract, and liver preparations, 
and from autoclaved chick liver by digestion with chick pancreas and hog 
kidney enzymes, according to the procedure of Sreenivasan ef al. (20), 
The CF content was determined by using the single strength basal Medium 
VI of Steele et al. (19) with acid-hydrolyzed casein to supply a part of 
the amino acids. JL. cttrovorum 8081 was used as the test organism and 
the crystalline calcium salt of CF (Leucovorin, Lederle) was employed 
as the standard. All the data are expressed as the anhydrous-free acid 
(Co9H23N707). The cultures were incubated for 16 hours at 37°. Growth 
was measured by turbidity. 

Aliquots of a 10 per cent solution of yeast extract were treated as follows: 
(a) no treatment, (b) digestion with chick pancreas enzyme (20), (c) diges- 
tion with hog kidney enzyme (20), (d) digestion with chick pancreas en- 
zyme, followed by digestion with hog kidney enzyme (20). Enzyme hy- 
drolysates were concentrated in vacuo to a volume equal to the original 
10 per cent extract (100 mg. of yeast extract per ml.). 15 wl. of samples 


>t 


a, 
ch 
hic 
al 
CC 
al 
W 
li 
li 


V. M. DOCTOR AND J. R. COUCH 225 


a,b, c, and d and 10 yl. of Leucovorin solution (250 mygm. per ml.) were 
chromatographed according to the descending technique (14) with wet col- 
lidine as the developing agent. Paper strips were dried, cut lengthwise, 
and bioautographed as described above. 

Paper Strip Chromatography with Water-Miscible Solvent System—The 
conjugated form of CF was separated by using a water-miscible solvent 
system composed of 50 per cent ethanol, 15 per cent n-butanol, 10 per cent 
ammonia, and 25 per cent water. This system was developed after several 
water-immiscible systems had failed to move the conjugated form of CF. 
These included the butanol-acetic acid system of Patridge (21). A chick 
liver preparation was made in the following manner: 50 gm. of fresh chilled 
liver were homogenized in a Waring blendor with 5 volumes of water. 
The homogenate was autoclaved for 15 minutes at 15 pounds pressure, 
cooled, and filtered. The filtrate was concentrated in vacuo to 25 ml. 15 
ul. of a 10 per cent solution of yeast extract, a 10 per cent solution of liver 
fraction L, and of a chick liver solution prepared as described above were 
each spotted on a 3 X 13 inch paper strip (Eaton-Dikeman No. 613) and 
the strips developed by ascending technique for 48 hours. After air drying, 
the strips were cut lengthwise into two } inch strips. One of these was 
bioautographed on nutrient agar containing purified chick pancreas enzyme 
and seeded with L. citrovorum 8081. The remaining strip was bioauto- 
graphed on nutrient agar seeded with L. citrovorum 8081 but not containing 
chick pancreas enzyme. | 

Methods for Studying Properties of Growth Factors Active for L. citrovorum 
8081—10 per cent solutions of yeast extract and of liver fraction L were used 
as the starting materials in all of the experiments described below. 

Yeast extract and liver fraction L were each stored in 0.5 N H.SO, and 
0.5 sn NaOH at room temperature for 24 hours and were also autoclaved in 
the same strength of acid and base for 15 minutes at 15 pounds pressure. 
Each of these solutions was neutralized to pH 6.8. Growth factors for 
L. citrovorum 8081 were separated by means of ascending paper strip chro- 
matography with the water-miscible solvent system as the developing 
agent. The presence of the CF conjugate was detected by bioautographing 
half of each strip (cut lengthwise) on nutrient agar containing purified 
chick pancreas enzyme and seeded with L. citrovorum 8081. 

Yeast extract and liver fraction L were each extracted sixteen times with 
equal volumes of n-butanol at pH 3 and 9. The n-butanol extracts and 
aqueous extracts were each combined and concentrated in vacuo to a vol- 
ume corresponding to 100 mg. per ml. of the starting material. The dis- 
tribution of the growth factors was determined as described above. 

Solutions of yeast extract and liver fraction L were treated with Norit 
A at pH 3. The charcoal adsorbate was removed by filtration and was 
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eluted twice with hot 5 per cent ammonia in 50 per cent ethanol. The 
filtrate and the combined eluates were each concentrated in vacuo to a 
volume equivalent to 100 mg. per ml. of the starting material and the 
distribution of the growth factors was determined as described above. 

Solutions of yeast extract and liver fraction L in 0.08 m phosphate buffer 
at pH 5 were each dialyzed against the same buffer. The distribution of 
the growth factors in the dialysate and the protein fraction was studied as 
described above. 


_j@ 


Fic. 1. Tracings of bioautographs. Test organism, L. citrovorum 8081. Strip 
A, 15 ul. of 10 per cent solution of yeast extract (Difco); Strip B, 15 wl. of 10 per cent 
solution of liver fraction L (Wilson); Strip C, 10 wl. of 10 per cent solution “a liver 
concentrate paste (Wilson, 1:20); and Strip D, 10 ul. of liver injection 2, U.S. P., 
crude (Wilson). The strips were bioautographed on a plate containing 300 ak of 
nutrient agar. 


RESULTS AND DISCUSSION 


It is apparent from Figs. 1 and 2 that a growth factor for L. citrovorum 
8081 has been liberated from Strips A and B (yeast extract and liver 
fraction L respectively) by incubation of the chromatographed strips on 
nutrient agar containing purified chick pancreas enzyme. The compound 
from which this growth factor is liberated will be hereby designated as a 
conjugate of CF. It is not present in liver paste or liver extract, as shown 
by the absence of it on Strips C and D (Fig. 2), which were also incubated 
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on the nutrient agar containing purified chick pancreas enzyme. Other 
growth factors illustrated in Figs. 1 and 2 are active for L. cttrovorum 8081, 
regardless of the presence of chick pancreas enzyme in nutrient agar. 

CF occurs in bound forms which are released by treatment with purified 
chick pancreas enzyme or with hog kidney enzyme (Table I). CF activity 
of four yeast samples, yeast extract, liver fraction L, liver paste, and fresh 
autoclaved chick liver, was increased in all instances by incubation with 


A 8 C 


Fie. 2. Tracings of bioautographs. Test organism, L. citrovorum 8081. Strips 
A, B, C, and D represent the same samples as in Fig. 1, but were bioautographed 
on a plate containing 300 ml. of nutrient agar mixed with 10 ml. of chick pancreas 
enzyme (see the text for the method of treatment). 


purified chick pancreas enzyme or with hog kidney enzyme. The hog 
kidney enzyme was somewhat more effective in releasing CF from samples 
used in this study than was chick pancreas enzyme. These findings are in 
accord with earlier reports. 

In Fig. 3 are shown the tracings of bioautographs of yeast extract before 
(Strip A) and after various enzyme treatments (Strips B, C, and D). 
Strip E represents Leucovorin (Lederle). These strips were bioauto- 
graphed on nutrient agar containing purified chick pancreas enzyme. The 
other half of these strips, when bioautographed, gave the same picture as 
Fig. 3, except for the absence of the stationary conjugated CF spot present 
on Strip A. Incubation of yeast extract with chick pancreas enzyme con- 
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verted the three growth factors shown on Strip A into a single compound 
(Fig. 3, Strip B). A different growth factor appeared on incubation of 
yeast extract with hog kidney enzyme (Strip C). Hog kidney enzyme can 
convert the compound liberated by incubation of yeast extract with chick 
pancreas enzyme into the growth factor which appears on direct incubation 
of yeast extract with hog kidney enzyme (Fig. 3, Strip D). The compound 
which results on incubation of yeast extract with hog kidney enzyme, 
or with chick pancreas enzyme followed by hog kidney enzyme, moves 
on paper strips at the same relative rate as the crystalline Leucovorin 
(Lederle). From the data of the present investigations it appears that 


TABLE I 
Release of CF from Yeasts and Liver Samples by Chick Pancreas and Hog Kidney 
Enzymes 
N With chick pan-- With h 
Sample | | Ikidney 
| y per gm. | y per gm. | y per gm. 
Torulopsis utilis (sulfite waste liquor)...... | 1.0 | 5.4 7.6 
Anheuser-Busch, primary grown ........... 0.3 | 20.6 25.6 
Fleischmann, active dry.................... | 0.5 | 9.4 | 11.9 
Chee)... ... 0.7 39.0 59.7 
Liver fraction L (Wilson). ................. 6.1 8.1 | 15.0 
Liver concentrate paste (Wilson, 1:20)..... 4.7 6.2 | 9.3 


* The values of CF are based on dry weight of the material. 
+t The hot water extract of the samples was assayed directly. In ease of chick 
liver, the amount of CF in this column was 25 mygm. per gm. 


CF, like PGA, occurs in natural materials in various forms having a differ- 
ent number of glutamic acid moieties joined by y linkages to the same basic 
unit. If such is the case, the differences between the action of chick 
pancreas enzyme and hog kidney enzyme noted in Fig. 3 might be explained 
on the basis of earlier observations (22, 23) in which chick pancreas conju- 
gase was designated as y-glutamic acid carboxypeptidase and hog kidney 
conjugase as simply a carboxypeptidase. 

The stationary conjugated form of CF (Figs. 2 and 3) was moved by 
developing the strips with a water-miscible solvent system described in this 
paper. A growth factor active for L. citrovorum 8081 is liberated from this 
compound on incubation of chromatographed Strips A (yeast extract), C 
(liver fraction L), and E (chick liver) in Fig. 4 on nutrient agar containing 
purified chick pancreas enzyme. This growth factor did not appear when 
the remaining halves of these strips were incubated on nutrient agar not 
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containing the purified chick pancreas enzyme (Fig. 4, Strips B, D, and F). 
The conjugated form of CF present in yeast extract, liver fraction L, and 
chick liver moved on the paper strips at the same relative rate and there- 
fore may be identical or else very closely related. These data offer addi- 
tional evidence for the existence of a CF conjugate since a solvent system 


( 


Fic. 3. Tracings of bioautographs. Test organism, L. citrovorum 8081. Strip 
A, 15 ul. of a 10 per cent solution of yeast extract (Difco); Strip B, the same concen- 
tration as Strip A, but the yeast extract was pretreated with chick pancreas enzyme: 
Strip C, the same as Strip A after incubation with hog kidney enzyme; Strip D, the 
same as Strip A after incubation with chick pancreas enzyme followed by kidney 
enzyme; Strip E, 10 ul. of solution containing 2.5 mugm. of CF standard (Leucovorin, 
Lederle). Strips were bioautographed on a plate containing 300 ml. of nutrient agar 
mixed with 10 ml. of chick pancreas enzyme. 


was developed which moved this compound obtained from three different 
crude sources at the same relative rate. 

The CF conjugate present in yeast extract and in liver fraction L exhibits 
similar properties with regard to stability to heat, acid, and alkali, solu- 
bility in n-butanol at acid or alkaline pH, adsorption on Norit A, and 
behavior on dialysis. CF conjugate present in yeast extract or liver frac- 
tion L was found to be stable to autoclaving for 15 minutes at 15 pounds 
pressure in 0.5 N NaOH, but was destroyed by a similar treatment in 0.5 
N H.SO,. Storage at room temperature for 24 hours in 0.5 nN NaOH or 0.5 
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N H2SO, gave the same results. Acid lability of the CF conjugate indicates 
that the CF part of the conjugate may be converted to a PGA-like com- 
pound by such a treatment. The CF conjugate was found to be insoluble 
in n-butanol at pH 3 or at pH 9, while the free forms of CF migrated to 
n-butanol layer at pH 3 but not at pH 9. The insolubility of CF conjugate 
in water-immiscible organic solvents suggests a probable peptide structure. 
The CF conjugate and the free forms of CF are adsorbed on Norit A at 
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Fic. 4. Tracings of bioautographs. Test organism, L. citrovorum 8081. Strips 
A, C, and E were bioautographed on a plate containing 300 ml. of nutrient agar 
mixed with 10 ml. of chick pancreas enzyme, while Strips B, D, and F were incubated 
on a plate containing 300 ml. of nutrient agar alone. Strips A and B, 15 ul. of a 10 
per cent solution of veast extract (Difco); Strips C and D, 15 ul. of a 10 per cent 
solution of liver fraction L (Wilson); Strips E and F, 15 wl. of the chick liver prepa- 
ration. 


pH 3, as shown by the absence of these factors in the unadsorbed fraction. 
When bioautographed, the eluate was found to contain the CF conjugate 
and the free forms of CF. The charcoal adsorption and elution properties 
may be accounted for by the presence of a basic amino group on the CF 
part of the structure (9). Although CF conjugate dialyzes considerably 
more slowly than the free forms of CF, when dialyzed over longer periods 
it was completely dialyzable. 

It is interesting to note that yeast extract, liver fraction L, and chick 
liver all three contain the conjugated form of CF, indicating a possible 
common role played by CF in plant and animal cells. 
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SUMMARY 


Occurrence of a closely related or identical form of CF conjugate has 


been noted in yeast extract, liver fraction L, and chick liver. There is a 
large increase in the CF content of yeasts and liver samples tested upon 
treatment with purified chick pancreas enzyme or hog kidney enzyme. 
Bioautographic analysis of the enzyme-digested yeast extract reveals strik- 
ing differences between the action of chick pancreas enzyme and hog kidney 
enzyme. Preliminary observations on properties of the CF conjugate indi- 
eate a probable similarity to PGA conjugate. 
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FAT METABOLISM IN HIGHER PLANTS 


I. BIOGENESIS OF HIGHER FATTY ACIDS BY SLICES OF PEANUT 
COTYLEDONS IN VITRO* 


By ELDON H. NEWCOMBf anp P. K. STUMPF 


(From the Department of Plant Biochemistry, University of California, Berkeley, 
California) 


(Received for publication, August 4, 1952) 


Although considerable research has been conducted in recent years on 
the mechanisms of fatty acid synthesis and oxidation in animal tissues (1) 
and in microorganisms (2), no similar studies of higher plants have yet 
been reported, despite the great importance of fat-storing seeds and fruits 
in the economy of nature and the value to comparative biochemistry of an 
understanding of fatty acid biogenesis and oxidation in their development 
and germination. In this study, the first in a series on fat metabolism in 
plants, the ability of cotyledon slices from both developing and germinating 
seeds to utilize a variety of substrates in the synthesis of higher fatty acids 
has been examined. ‘These substrates include formate-C™, acetate-1 ,2-C%, 
acetate-1-C'4, acetate-2-C™, propionate-1-C%, butyrate-1-C™, valerate-1- 
C4, valerate-3-C™, caproate-1-C™%, succinate-1 ,4-C™“, pyruvate-2-C™, and 
C4 uniformly labeled glucose and fructose. The rate of appearance of C" 
in the respiratory CO, and of incorporation of radioactivity into fatty 
acids from acetate-1- and 2-C"™, as well as the effect of anaerobic conditions 
and of 2 ,4-dinitrophenol on fatty acid synthesis from acetate-2-C", is also 
reported for cotyledon slices from both maturing and germinating peanuts. 


EXPERIMENTAL 


Materials—The peanuts (Arachis hypogaea L., var. Virginia Jumbo) used 
in the study were purchased from Manning’s Inc., San Francisco, Cali- 
fornia. For the experiments on developing cotyledons, nearly mature 
fruits were obtained from a single large plant grown in sandy soil in the 
greenhouse. The cotyledons from seedlings were obtained by germinating 
peanuts in vermiculite in darkness at 30° for 4 days. All of the radioactive 
substrates except glucose, fructose, and pyruvate were provided by Profes- 
sor H. A. Barker. Glucose and fructose uniformly labeled with C™ were 
furnished by Professor W. Z. Hassid and pyruvate-2-C"™ as the pyruvamide 
by Dr. Charles Heidelberger, to whom the authors express their thanks. 


* Aided in part by a grant from the American Cancer Society, administered by 
the Committee on Growth of the National Research Council. 

t Fellow of the John Simon Guggenheim Memorial Foundation, 1951-52. Present 
address, Department of Botany, University of Wisconsin, Madison, Wisconsin. 
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Methods—The cotyledons were separated from the seed coat and remain. 
der of the embryo and sliced transversely with a thin razor blade into 
sections approximately 0.5 mm. thick. The slices were pooled and aliquots 
of 500 mg. were weighed out, rinsed twice in distilled water, and incubated 
with shaking in conventional Warburg apparatus for 6 hours at 35°. Each 
vessel contained 2.0 ml. of distilled water, 0.1 to 0.5 ml. of solution con- 
taining 0.1 to 0.5 um of radioactive substrate, and 500 mg. of sliced tissue 
in the main compartment and 0.2 ml. of freshly prepared 10 per cent KOH 
in the center well. The side arm contained 0.3 ml. of 1 N HeSO, which was 
tipped into the main compartment at the end of the experimental period to 
stop the reaction and release bound CO,. Shaking was continued for 10 
minutes after the addition of acid, after which the contents of the center 
well were removed and the well was rinsed twice with water. The respira- 
tory CO: in the well contents and rinsings was converted to BaCO; by the 
addition of 0.3 ml. of 50 per cent barium acetate, and the C™ content 
determined by plating aliquots of the BaCO; onto aluminum disks. The 
slices were removed from the vessels, rinsed three times with 2 ml. portions 
of distilled water, and pulped in a hand garlic press fitted with a copper 
disk to retain the tissue. The pulped tissue was then saponified in 5 ml. 
of 10 per cent alcoholic KOH by refluxing for 4 hours. After saponification 
the solution was decanted, the residue was washed twice with 3 ml. portions 
of boiling 50 per cent ethanol, and the solution and washings containing the 
fatty acid salts and the non-saponifiable fats were combined. Extraction 
with petroleum ether at this stage in preliminary experiments yielded only 
a small amount of unsaponifiable material with virtually no activity when 
C' doubly labeled acetate was used as substrate. The determination of 
radioactivity in the non-saponifiable fraction was therefore subsequently 
omitted. The fatty acid extract was neutralized with 2 n H.SO, and di- 
luted to 50 ml., and an aliquot of 5 ml. was subjected to the copper-lime 
precipitation procedure described by Lehninger and Smith (3). By this 
treatment, fatty acids with 11 or more carbon atoms are separated from 
those of shorter chain length. The higher fatty acids obtained by this 
procedure were weighed, and aliquots of approximately 1.0 mg. were spread 
uniformly on warm aluminum disks, weighed, and assayed directly for 
radioactivity with a thin window Geiger-Miiller tube. The C' content of 
each substrate was determined by plating its Na salt, with essentially zero 
mass, directly on an aluminum disk. 

The long chain fatty acids isolated by copper-lime precipitation from 
nearly mature peanut cotyledons weighed 110 to 130 mg. per 500 mg. 
of sliced tissue. Steam-volatile acids were found to be present in trace 
amounts only and contained an insignificant amount of the radioactivity 
incorporated from C™ doubly labeled acetate under conditions in which 
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(4 was markedly incorporated into higher fatty acids. The fatty acids 
isolated from peanuts germinated for 4 days weighed from 70 to 100 mg. 
per 500 mg. of tissue. 

Although the data on initial substrate and fatty acid activities reported 
in this paper are based on determinations made by direct count without 
prior oxidation and conversion of the CO, to BaCQO;, they are compared 
with data on respiratory CO, determined as BaCQO;. It was felt that this 
procedure was , istifiable, since the object was to establish only whether 
fat-synthesizing plant tissue would metabolize and markedly incorporate 
into fatty acids various possible precursors in vitro, without attempting a 
balance sheet showing the fate of all the labeled carbon supplied. Mate- 
rial of essentially zero mass was used on the disks for counting, and it was 
found experimentally that the differences between counts so obtained and 
those obtained by conversion to BaCQO; were not sufficiently large to alter 
appreciably the picture drawn of the extent of substrate utilization. 


RESULTS AND DISCUSSION 


The intact cells of peanut cotyledon slices actively metabolized a variety 
of potential precursors of fatty acids, but incorporated into fatty acids to 
an appreciable extent only acetate-2- and 1-C™ and C™ evenly labeled glu- 
cose and fructose. The extent of conversion of the C™ of various substrates 
to carbon dioxide and long chain fatty acids is presented for the developing 
and germinating cotyledon slices in Tables I and II. At least 7 per cent 
of the added radioactivity appeared as respiratory C“QO, with all substrates 
except. valerate-3-C™, which yielded only 0.6 per cent. It is clear that the 
compounds readily penetrated into the cells and participated in the cell 
metabolism. Of particular interest is the much greater conversion to car- 
bon dioxide of the carboxyl carbon than of the methyl of acetate. Note- 
worthy also is the fact that one-third of the added formate is converted 
to carbon dioxide. There also appears to be greater conversion to CO: of 
the carboxyl carbon of the even numbered lower fatty acids (C2, C4, and 
Cs) than of the odd numbered (C3 and C;5). 

In the extent of incorporation of labeled carbon into the higher fatty 
acids the compounds tested differ in a striking way. Acetate-2- and 1-C™ 
contributed to the greatest degree (22 and 34 per cent, for example, in 
developing peanuts), whereas glucose and fructose furnished about 6 per 
cent of their initial activity. Butyrate-1-C™, caproate-1-C"™, and valerate- 
1-C' furnish 1 to 3 per cent of the initial activity, while the remaining 
substrates contribute less than 1 per cent. The C, unit, formate, is only 
negligibly utilized for fatty acid formation, as are pyruvate-2-C™ and suc- 
cinate-1 ,4-C™, despite the fact that they participate in respiration. The 
fact that the C, unit, formate, which is rapidly converted to COs, is quite 
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ineffective as a fatty acid precursor suggests that COy fixation is relatively 
unimportant in fatty acid synthesis. 

Although net synthesis of fatty acids is not taking place in the cotyledons 
of germinating seeds, the percentage incorporation of acetate into the fatty 


TABLE I 


Conversion of Formate-C'*, Acetate-1-C'™, Acetate-2-C', Butyrate-1-C'™, Valerate-3-C%, 
Caproate-1-C'4, and C4 Evenly Labeled Glucose and Fructose to Carbon Dioxide 


and Long Chain Fatty Acids by Slices of Maturing Cotyledons 


| Radioactivity in | Radioactivity recov- 
Radioac- | respiratory CO: ered in fatty acids 
Substrate | 
total c.p.m. ¢.p.m. | 
1 Acetate-1-C" 282,000 81,550! 29.0 | 33,200 11.7 
Acetate-2-C!4 130,000 | 13,600 10.5 17,700 = 13.6 
Butyrate-1-C' 380,000 79,000 20.5 3, 200 0.8 
Hexanoate-1-C!4 563,000 237,400 42.0 6,300 1.1 
2 Acetate-1-C'4 282,000 91,580 32.5 61,500 22.0 
Acetate-2-C'4 130,000 17,900) 13.8 45,000 34.6 
Butyrate-1-C' 380,000 79,000 20.5 3,200 
Hexanoate-1-C!4 563,000 267,450 48.3 24,200 4.3 
3 Formate-C!* 220,800 70,000 31.5 | 750 0.8 
Valerate-3-C!4 149 ,000 890 | 0.6 300 0.2 
4 Cevenly labeled glucose 706,400 112,000 15.9 43,450 6.1 
Bes fructose 272,000 48,000 | 17.6 15,850 5.8 
TABLE II 


Conversion of Acetate-1-C'*, Acetate-2-C'*, Pyruvate-2-C'%, Propionate-1-C', 


Valerate-1-C'*, and Succinate-1,4-C'* to CO, and Long Chain Fatty 


Acids by Cotyledon Slices from Germinating Seeds 


Radioactivity recov- 
ered in fatty acids 


Percent of| Total Per cent of 


Radioactivity in 
Radioac- respiratory CO: 
Substrate 
Total c.p.m. supplied 

1 Acetate-1-C!# 142,000 53,450 37.6 
Acetate-2-C!# 53 , 000 5,975 11.3 
2 Acetate-1-C'# 89,700 50,850 56.6 
Acetate-2-C!# 166,800 21,720 13.2 
3 Acetate-1-C'# 89,700 47,000 52.5 
Acetate-2-C'4 133,400 | 18,300 13.7 
Pyruvate-2-C'# 42,100 11,100 26.4 
4 Propionate-1-C'* 277,500  =18,500 6.8 
Valerate-1-C'4 194,000 | 19,200 10.0 
Succinate-1,4-C' 35,000 22,500 64.0 


| 
| 


| 


c.p.m. 


5,040 


230) 


suppli 


16,100 11.3 
5,555 10.5 
6 650 7.5 
7,225 4.3 
| 5.6 
| 15,040. 11.2 
610 0.2 
4,400 2.3 
| 0.3 
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acids in slices from such cotyledons is similar to that which occurs in the 
slices from maturing cotyledons. 

The appearance of C™ in the respiratory CO, and in fatty acids was 
determined after 1, 3, and 6 hours with acetate-2-C™ as substrate, and 
yielded similar results for cotyledon slices of both developing and germi- 
nating seeds. The results for the latter (Table IIT) reveal that during the 


TaBLeE III 


Appearance of Radioactivity in Respiratory Carbon Dioxide and in Higher Fatty Acids 
in Cotyledon Slices from Germinating Peanuts 


Per cent of original activity in 


Per cent of original activity in CO: higher fatty acids 


Hrs. of incubation 


Acetate-1-C!4 | Acetate-2-C4 Acetate-1-C'4 | Acetate-2-C'4 
1 11.4 1.8 2.4 | 2.8 
3 2.600 4.2 8.0 
TaBLeE IV 


Effect of Anaerobic Conditions on Incorporation of Acetate-2-C'* into Long Chain 
Fatty Acids by Cotyledon Slices 


Radioactivity incorpo- 
Radioactivity in COz | rated into higher fatty 
Radioactivity acids 
Cotyledons Gas phase 
total c.p.m. 
Per cent of Per cent of 
Total Total 
Developing Air 398 , 600 26 , 500 6.7 33,600 8.4 
a 100% Ne 398 , 600 31 0.0 13,750 3.5 
Germinating | Aijr | 166 , 800 21,720 | 13.2 7,225 4.3 
| 100% Ne | 166,800 265 0.2 8,725 5.2 


first 3 hours nearly 6 times as much of the carboxyl carbon appeared in the 
respiratory CO. as of the methyl carbon, whereas twice as much of the 
methyl carbon appeared in the fatty acids. This more rapid incorporation 
of the carboxyl carbon in the CO, is to be expected if acetate is being me- 
tabolized via the Krebs cycle. 

Since the concentration of the ‘‘C,”’ pool in the slices at any one time is 
not known, quantitative interpretation of the results is difficult to make. 
It is, therefore, felt that the results reported in this paper represent only a 
qualitative evaluation of a series of potential precursors serving as inter- 
mediates for fatty acid synthesis. 


| 
| | 
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As was expected, virtually no CO, is formed from acetate-2-C™ under 
anaerobic conditions (Table [V). However, marked incorporation of ace- 
tate-2-C" into fatty acids occurs, being 42 per cent of the aerobic value jp 
slices of developing cotyledons and fully equal to the aerobic in those of 
germinating cotyledons. 

As is shown in Table V, 2,4-dinitrophenol inhibits fatty acid synthesis 
from acetate-2-C™ almost completely at 10-* m, while the appearance of 
radioactivity in the COs is inhibited less than 50 per cent. At 10- y, 
inhibition of fatty acid synthesis is still observed, although there is no in- 
hibition of respiratory C“O.. These results are in accord with those for 


TABLE V 


Effect of 2,4-Dinitrophenol on Incorporation of Acetate-2-C'* into Long Chain Fatty 
Acids by Cotyledon Slices 


2 Radioactivity incorpo- 
Radioactivity in COz rated into higher fatty 


A Radi acids 
| | Total Percent of) | Per cent'ol 
| | cpm | | com, | 

Developing | 0 398,600 26,500 6.7 | 33,600 8.4 
10-5 398 , 600 | 25,000 6.3 39,600 9.9 
10-4 398,600 27,800 7.3 19,300 4.8 
Germinating 0 166,800 21,720 13.2 | 7,225 | 4.3 
| 10-5 166,800 22,900 13.7 10,550) 6.3 
| 10-4 166,800 20,500 12.3 750 4.0 
| 10-3 166,800 12,750 7.5 700 0.4 


animal tissues and with the hypothesis that dinitrophenol inhibits energy- 
requiring reactions by interfering with phosphate metabolism at concentra- 
tions which do not inhibit respiratory gas exchange. 


SUMMARY 


1. Slices of cotyledons from both developing and germinating peanuts 
were incubated with C-labeled substrates, and the respiratory CO, and 
fatty acids isolated and analyzed for radioactivity. 

2. All substrates except valerate-3-C"™ yielded an appreciable percentage 
of respiratory C“O,. The percentage recovery was more than 3 times as 
great with acetate-1-C" as with acetate-2-C™. 

3. Incorporation of C™ into higher fatty acids differs greatly, with ace- 
tate-2- and 1-C'4 most effective, followed by glucose and fructose. Butyr- 
ate-1-C', valerate-1-C™, and caproate-1-C™ contributed | to 3 per cent and 
formate-C™, propionate-1-C'™, and valerate-3-C"™ less than 1 per cent. 
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4. Although pyruvate-2-C™ and succinate-1 ,4-C™ contributed consider- 
able C'* to the respiratory COs, only 0.5 and 0.3 per cent, respectively, were 
incorporated into fatty acids. 

5. Appreciable synthesis of fatty acids from acetate-2-C™ occurred under 
anaerobic conditions, although the appearance of C™O,. was almost com- 
pletely suppressed. 

6. At 10-4 M, 2,4-dinitrophenol markedly decreased C™ incorporation 
from acetate-2-C into fatty acids without inhibiting C™O. production. 
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ELECTROPHORETIC STUDIES ON FAST MOVING 
COMPONENTS OF HUMAN SERUM* 
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Electrophoretic patterns of dialyzed human serum or plasma usually do 
not show components that migrate faster than the albumin. Seibert and 
Nelson (1) described the occurrence of a fast moving component in sera of 
tuberculous subjects. Hoch-Ligeti and Hoch (2) observed a fast moving 
component in seven out of eight sera from healthy subjects when electro- 
phoresis was continued beyond the time needed for spreading the ascending 
pattern over the entire length of the cell. 

In view of the lack of information concerning trace components of greater 
anodic mobility than albumin in human serum, experiments were under- 
taken to establish the conditions for their differentiation. This paper pre- 
sents data for the distribution and characteristics of some of these fast 
moving components in human serum. 


EXPERIMENTAL 


Blood was obtained from blood bank donors, staff members, and patients 
of the University Hospital and the Veterans Administration Hospital, Rich- 
mond, Virginia. In the procedure adopted, 4 ml. of serum or plasma 
were diluted with 5 ml. of 0.6 per cent NaCl, and 3 ml. of water were added 
to reduce the stationary salt boundaries (3). The pH of these solutions 
ranged between 7.8 and 8.0. It was raised to pH 8.0 to 8.3 by addition 
of nv NaOH, and the solutions were examined by electrophoresis in 0.6 per 
cent NaCl in an 11 ml. cell without dialysis... The Pearson model of the 
Tiselius electrophoresis apparatus was used. 

Maximum resolution in the ascending pattern was achieved by sharpen- 
ing the initial boundary with a glass capillary (4), the tip of which was bent 
at aright angle. The capillary was connected to narrow bore polyethylene 


* This investigation was supported by a research grant from the National Cancer 
Institute of the National Institutes of Health, United States Public Health Service. 

‘Since it was essential to avoid convection currents which arise from unstable 
salt boundaries, electrophoresis without dialysis necessitated the study of the moving 
salt boundaries of the major dialyzable ion constituents of serum. Experiments 
showed that NasHPO, and NaHCO, in 0.6 per cent NaCl gave gravitationally stable 
boundaries in both limbs. The boundaries of HPO," appeared as positive and the 
boundaries of HCO; as negative peaks in the patterns. 
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tubing and the flow was regulated by adjusting the level of the free end of 
the tubing. In preparative runs, fractions were removed by means of this 
capillary. A current of 20 ma. was used which corresponded to a potential 
gradient in the supernatant of 4.3 volts per cm. 

The optical system was adapted for the recording of patterns by the 
Ravleigh-Calvet-Philpot interference method (5-7). A mask with a verti- 
cal sht (0.07 mm. wide) was placed against the horizontal slit opened to 
1.3 mm., and the diaphragm which masked the channel of the cell was ad- 
justed to include the light passing through the channel and the optical 
flats of the by-pass. Patterns were obtained with both the interference 
and the diagonal edge methods. 

The refractive index change at a boundary was measured by the number 
of fringes that crossed an undeviated fringe, which had been recorded in 
the absence of boundaries. Small gradients were established by the lateral 
displacement of a fringe and expressed in terms of the distance between 
two adjacent fringes. A value of 12 mg. of protein per 100 ml. for a 
displacement equal to the distance between two adjacent fringes was ob- 
tained with crystalline bovine plasma albumin and serum solutions of differ- 
ent protein concentrations. The migration velocities were measured from 
the position of the original boundary. In some experiments patterns were 
recorded at intervals after the current had been stopped at the end of the 
run in order to check for boundary shifts due to liquid leaks. Shifts of 
hetween 0.1 and 0.5 mm. per hour, frequently observed, contributed to the 
variations in the migration velocity of albumin. 

In dialysis experiments, the cellophane (Visking) bag, enclosing about 2 
ml. of air, was tilted about the horizontal position at a rate of 60 to 90 
times per minute for 2 hours at 25° (8). 


The absorption spectra of the fractions were measured in a micro cell (9) - 


with a Beckman DU spectrophotometer. 


Results 


An electrophoretic pattern of a serum from a healthy individual is shown 
in Fig. 1. The regions in the interferometric record in which the fringes 
deviate from the horizontal direction correspond to the elevations in the 
diagonal edge record. The number of major elevations is the same as is 
obtained in Veronal buffer, except for the y- and 6-peaks, which do not 
separate from each other or from the peaks due to glucose and urea. The 
fastest component is the bicarbonate ion. Its boundaries are seen as a 
negative peak in the ascending and as a positive peak in the descending 
pattern.2, When serum is acidified with HC] and the CO, is removed under 


? Svensson’s (10) Equation 27, Ac; = & — was 
used to obtain an estimate of the change in refractive index at the bicarbonate 
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reduced pressure, the bicarbonate boundaries are no longer observed. A 
small component that has a mobility about 18 per cent (range 12 to 23 per 
cent) greater than albumin is noted in the ascending pattern and is desig- 
nated as the fast component (FC). Normally the concentration of phos- 
phate is too low and the mobility at pH 8 is too close to that of the biear- 
bonate ion for a separate boundary to be discerned. 

It was noted that the difference between the migration velocities of the 
albumin (V,) and of the tip of the slowest peak (1,43) was more reproduc- 


a 


"2 


Fic. 1. Ascending electrophoretic patterns of human serum in 0.6 per cent NaCl 
by (1) the diagonal edge and (3) interference methods with (2) the base-line. Fast 


component, 


ible and more constant than the absolute velocity of the albumin and that 
this difference did not change between pH 7.9 and 8.5. Therefore, the 
mobility of the fast component was also characterized by 


Vere rag Vows 


Va 


boundary. Using CNal = = 0.1, CHCO32 = Cj+1 = 22.2 (11), NCI = —37.0 
(11), and U; = —18.5 (12), one finds Ac;;/Cj,1 = = —14. Below the 
bicarbonate boundary there is a deficit of 1.4 equivalents in Cl~ per equivalent of 
HCO,-. Sinee the refractive indices of 0.1 N NaCl and 0.1 ~ NaHCO, are similar, 
the refractive index of the layer below the bicarbonate boundary is smaller than 
that of the supernatant. Such a change in refractive index at the bicarbonate 
boundary corresponds to an inverse, negative peak in the pattern. On electro- 
phoresis of serum or plasma the negative refractive index gradient in the descending 
limb due to the bicarbonate boundary is superimposed upon a larger, positive, pro- 
tein concentration gradient. Consequently, the bicarbonate boundary appears as 
a positive peak on the descending pattern. 


| | 
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where l'pc is the migration velocity of the fast component; an average 
value of 1.20 for twenty-one sera was obtained, with variations between 
1.16 and 1.24. The values for (V4 — Vy ranged between 1.05 and 
1.14. The error involved by assuming a constant mobility for y-globulin 
was less than the variation in the boundary displacements, owing to leaks 
and other causes in routine analysis. 

Fast Component Characteristics—TVhis component was observed in the 
electrophoretic patterns of thirty-one out of thirty-two sera from healthy 
individuals. The apparent concentrations (mg. per 100 ml. of serum) 
together with the percentage distribution are grouped as follows: 10 to 14 
(10 per cent), 14 to 28 (67 per cent), 28 to 42 (20 per cent) and 49 (3 per 
cent). It was necessary to correct these values for the changes in concen- 
tration that occur at the albumin and at the 6-boundary. The concentra- 
tion of the fast component below the ascending albumin boundary was 
estimated with the aid of an equation previously derived (2). 

Cc = 
A(C, — ©) 


where C = the concentration of the fast component below the ascending 
albumin boundary; C = apparent concentration of the fast component 
above the ascending albumin, |) = the migration velocity of albumin; 
S = separation of the boundaries of the fast component and of albumin in 
unit time; C, = the total concentration in the region immediately below 
the ascending albumin boundary, and AK = 1C X& (V — Vo) Vo: Vo = 
the migration velocity of albumin at infinitely low albumin concentration. 
K was assumed to be the same for the fast component and albumin and it 
was determined from a plot of migration velocity of the ascending albumin 
boundary at different dilutions of a serum versus albumin concentration. 
By substituting the experimental values of A = 0.07, VS = 6, and ©, 
— ( = 1.5 in the equation, C becomes 1 1.6 & C2 This caleulation ts 
applicable if it is assumed that there is no interaction between the fast 
component and albumin. 

Data on the effect of dilution on the apparent proportions of the com- 
ponents are shown in Table I. From these data an estimate of the concen- 
tration change at the 6-boundary can be obtained. If the relative concen- 
tration of the slowest component (20 per cent) at the lowest proteim 
concentration is subtracted from the apparent relative concentration of the 
slowest component (31 per cent) at the highest protein concentration in the 
ascending limb, a lower limit of 11 per cent is obtained for the 6-boundary. 


>The value for K, at 1.1 per cent protein, computed from Dole’s (13) theory is 
0.0662 for both albumin and the fast component. 
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Furthermore, if the lowest value for the apparent percentage of the y- 
globulin, glucose, ete., is arbitrarily set at 10 per cent, the upper limit of 
the 6-boundary would be 21 per cent. Since it is not possible to determine 
experimentally the magnitude of the e-boundary, the dilution factor at the 
j-boundary cannot be calculated from the formula 


total area minus 6 


Dilution factor = - 
total area minus e 


suggested by Longsworth (3), but it is certainly greater than 0.8, the value 
obtained when e = 0. 

Assuming 0.9 for the dilution factor and 1/1.6 for C C, the concentra- 
tions of the fast component in the diluted sera are about two-thirds of the 


TaBLe 
Apparent Concentrations of Serum Components in 0.6 Per Cent NaCl 


Per cent of total fringe count 


ml. | Total protein Slowest peak* Albumin 
mil. mi. gm. per 100 mil. 
0.5 0.25 0.33 20.0 20.0 d4 
1.5 0.98 27.0 59 
2.5 1.5 1.63 31.0 9.5 60 
4.0T 3.0 2.62 31.0 S.0 64 


* Includes 6-boundary, y-globulin, glucose, urea, ete. 
t Conditions of the standard procedure. 


apparent concentrations. The range for the corrected concentrations was 
7 to 33 mg. per 100 ml. of serum. 

The fast component was demonstrated in fresh undiluted serum, which 
had been analyzed without dialysis. By comparing concentrations of the 
fast component in seven sera before and after dialysis, it was shown that 
the fast component did not pass through cellophane. The fast component 
was not adsorbed on a Seitz filter. 

No difference in concentration of fast component was found between 
serum and plasma and fresh and stored sera of the same bloods in experi- 
ments in 0.6 per cent NaCl at pH 7.8 or above. The fast component was 
not observed under the following conditions: (a) in 0.6 per cent NaCl at 
pH 7.5 or below, (b) in phosphate buffer at pH 8.0 and ionic strengths of 
0.1 and 0.05, or (c) in Veronal buffer at pH 8.6 and ionic strength of 0.1. 
In these experiments the patterns were spread over about 6 cm. 

The solution removed after electrophoresis of a 1:1 non-dialyzed diluted 
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serum from the region ahead of the ascending albumin boundary had ap 
absorption spectrum similar to that of uric acid as regards the position of 
Amax. (291 mu) and Amin. (261 my). The value of 3.16 for the ratio 
Emax./Emin. Was smaller than 5.5 for uric acid, but greater than 2.1 for 
serum ultrafiltrate (14), whose absorption at 290 muy is principally due to 
uric acid. Absorption by ascorbic acid was negligible, since it was pre. 
sumably present in its oxidized form (15). 

In order to prepare a urate-free solution of fast component for spectro- 
scopic examination, serum was exhaustively dialyzed against 0.6 per cent 
NaCl containing 0.001 m NasHPO, and the solution was subjected to 
electrophoresis in 0.6 per cent NaCl. Two fractions (Nos. I and II) were 
separated between the boundaries of the ascending albumin and the fast 
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Fic. 2. Absorption spectra of two fractions of fast component (Curves 1 and 2) 
and of albumin (Fraction III, Curve 3) in 0.15 mM acetie acid. 


component, and one fraction (No. III) was obtained from the region im- 
mediately below the albumin boundary. At about pH 7, the absorption 
spectra of Fractions I and II were similar to those of both serum albumin 
(16) and protein in Fraction III. The curves differed so little in the region 
at 260 my that the conclusion seemed justified that the fast component 
contained less than 1 per cent of a nucleic acid, with a specific extinction 
coefficient at Amax. (260 mu) that is 20 times that of albumin at Amax. 
(278 mu). In 0.15 M acetic acid, the absorption of the fast component in 
the 250 to 260 mu region was greater than that of albumin (Fig. 2). None 
of the purines, pyrimidines, or their derivatives tested by Hotchkiss (17) 
showed a rise in this region when the reaction was changed from neutral 
to acid. The fast component gave a biuret color 0.43 times as strong as 
was given by serum albumin if the absorption at 278 my was taken as a 
basis for comparison. 

The sedimentation rate of the fast component was compared with that of 
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albumin by analyzing four fractions obtained with the preparative ultra- 
centrifuge. Serum was centrifuged for 33 hours at 200,000 < g and the 
top lipide layer and three bottom layers were separated. The fast com- 
ponent was absent in the top layer. Comparison of the concentrations 
of the fast component in the two bottom layers with that in the remaining 
layer, consisting mainly of albumin, indicated that the fast component 
sedimented as fast or slightly faster than albumin. 

Electrophoresis of undiluted serum ultrafiltrate under conditions similar 
to those used for serum revealed a large, almost stationary boundary 
(glucose, urea, 6-, or ¢-), the bicarbonate boundary, and a very small 
boundary of material migrating with the mobility of albumin. The con- 
centration of this material, calculated from the fringe displacement, was 
less than 10 mg. per 100 ml. of serum. 

Pathological Sera—Twenty-seven of forty-three sera from patients with 
a variety of diseases had concentrations of 10 to 24 mg. per 100 ml. of 
serum of fast component, a range observed for most of the healthy individ- 
uals. These diseases included Laénnec’s cirrhosis, infectious hepatitis, 
chronic hepatitis, diabetes mellitus, pernicious anemia, and cardiac and 
pulmonary involvements. Mere traces of fast component (4 mg. per 100 
ml. or less) were observed in five cases of Laénneec’s cirrhosis and in six 
eases which included obstructive jaundice, myocardial insufficiency, multi- 
ple myeloma, typhoid fever, and adenoma of the thyroid. The fast com- 
ponent was entirely absent in sera from two patients with Laénnec’s cirrho- 
sis. 

The relative migration velocity of fast component with respect to albu- 
min of the same sample ranged between 1.11 and 1.25, with an average 
value of 1.17. The values for the ratio 


Vic — J 


Va — 


varied between 1.13 and 1.25, with an average value of 1.18. 

Sera from four patients (chronic glomerulonephritis, hepatitis and ne- 
phrosis associated with CCl, poisoning, disseminated myelitis, and myocar- 
dial infarction) each contained two fast components whose mobilities are 
given in Table II. The mobility of FC-1 was close to that of the urate 
ion. Two sera, from cases of myocardial infarction (Table II) and arterio- 
sclerotic heart disease, contained components with relative velocities of 
1.26 and 1.33 which were intermediate between FC and FC-1. 

The fast component observed in the present experiments appeared to be 
different from that reported by Hoch-Ligeti and Hoch (2) on account of its 
greater migration velocity relative to that of albumin. However, the dif- 
ference in the relative migration velocity may be a consequence of the 
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ionic environment. They noted that this component was absent in the 
sera of a number of diseased individuals. Further work is necessary to 
establish the relation between the findings with 0.6 per cent NaCl and with 
phosphate after prolonged electrophoresis. 


TaBLe II 


Apparent Concentrations (Mg. Per Cent) and Relative Migration Velocities of 
Components Faster than Fast Component 


FC FC-1 FC-2 | FC FC-41 
Diagnosis Rela- 4 Rela- _ Ap- | 
Relative Apparent tive pparent | tive Vec — 
velocity concen- concen- veloc- con- en 
| tration tration ity centra- A y¥+6 
| | tion 
Chronic glomer- 1.16 35 1.4121 | | 1.20 1.52 
ulonephritis | | | | 
Disseminated 1.21 21 | 1.47) 7 | 1.24 1.53 
myelitis | | | 
Hepatitis, ne- | | | | 
phrosis | | | 
(1-15-51) | 1.52 | 4.23) | 1644.99 
| | 7 
(1-17-51) | | 1.47) 3.82 | 1.77 5.62 
Myocardial in- 1.17, 1.26* 21, 28* | | | 11.19, 1.29°* 
farction | | | | | | 
Serum + 30 mg. | 1.5528 (+7) | | 1.77 
urate per 100. | | | | 
ml. serum | | | | 


* Fast component with mobility between FC and FC-1. 


SUMMARY 


A protein component, that migrates 18 per cent faster than albumin, has 
been demonstrated in human serum and plasma by electrophoresis at pH 
7.8 to 8.3 against 0.6 per cent NaCl. 

Thirty-one of thirty-two sera from healthy individuals contained this 
component in concentrations varying between 7 and 33 mg. per cent. 
The component was absent or its concentration was low (4 mg. per cent or 
less) in sera of thirteen of forty-three patients with a variety of diseases. 
Most of these low values were observed in cases with liver pathology. 

Fast components which migrated 26, 33, 50, and 300 per cent faster than 
albumin were noted in the sera of four patients. 

The bicarbonate boundary appeared as a negative peak in the ascending 
and as a positive peak in the descending patterns of undialyzed serum. 


a 
* 
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MIGRATION DURING HYDROLYSIS OF ESTERS OF 
GLYCEROPHOSPHORIC ACID 


III. CEPHALIN AND GLYCERYLPHOSPHORYLETHANOLAMINE 


By ERICH BAER, HARVEY C. STANCER,* ano IRVINE A. KORMAN 


(From the Banting and Best Department of Medical Research, University of Toronto, 
Toronto, Canada) 


(Received for publication, July 7, 1952) 


The investigation of the structure of the lecithins and cephalins (phos- 
phatidylethanolamines) from natural sources gave rise to the question, 
whether the phosphoric acid in these substances is attached to the a- or 
g-carbon atom of the glycerol moiety. Since the acid and alkaline hydrol- 
ysis of natural lecithins yielded mixtures of a- and 6-glycerophosphoric 
acid (GPA), it was assumed that they existed in the a as well as the 6 form. 
The subsequent isolation of optically active lecithins was irrefutable proof 
of the occurrence of the aform. Doubt of the existence of the 6 form arose 
with the growing suspicion that the 8-GPA is an artifact, presumably 
formed by the migration of phosphoric acid. On examining critically the 
acid and alkaline hydrolysis of pure synthetic L-a-lecithins (1) and their 
L-a-glycerylphosphorylcholine (GPC) moiety (2), it was found that the 
chemical degradation of the lecithins is indeed accompanied by a reversible 
migration of phosphoric acid. In the case of the L-a-lecithins this reaction 
gives rise to the formation of DL-a-GPA and 6-GPA, in addition to L-a- 
GPA, the direct product of hydrolysis. Since corresponding hydrolysates 
of both the synthetic L-a-lecithins and the natural lecithins were found to 
contain a- and B-GPA in approximately the same ratios, it was evident that 
most if not all of the B-GPA, in the hydrolysates of the natural lecithins 
could have been formed by the migration of phosphoric acid and not by 
the hydrolysis of 6-lecithins. 

The naturally occurring cephalins on acid or alkaline hydrolysis likewise 
had yielded mixtures of a- and B-GPA (3-8) and hence were also believed 
to occur in the a and 6 forms. We noticed, however, that the mixtures of 
a- and 6B-GPA had practically the same composition as those which we had 
obtained from synthetic L-a-lecithins under comparable conditions of hy- 
drolysis. It seemed reasonable, therefore, to assume that the chemical 
hydrolysis of the cephalins, like that of the lecithins, is accompanied by a 
migration of phosphoric acid. We tested this assumption by hydrolyzing 


*This paper forms part of a thesis to be submitted by H. C. Stancer to the De- 
partment of Pathological Chemistry of the University of Toronto in partial ful fil- 
ment of the requirements for the degree of Doctor of Philosophy. 
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a pure synthetic L-a-cephalin (9) and its nitrogenous moiety, L-a-glyceryl- 
phosphorylethanolamine (GPE), with acid and with alkali. The resulting 
mixtures of glycerophosphoric acids, which were isolated according to 
Folch, contained considerable amounts of pL-a-GPA and 6-GPA, a clear 
indication that a reversible migration of phosphoric acid had taken place, 
Most, if not all, of the 8-GPA in the hydrolysates of natural cephalins 
obviously then is an artifact and not, as had been assumed, a direct degra- 
dation product of 6-cephalins. Consequently, in contrast to the assump- 
tion of earlier investigators, the existence in nature of 8-cephalins, like that 
of B-lecithins, remains hypothetical. 

No attempts were made to study in detail the reaction mechanisms of 
the acid or alkaline hydrolysis of the a-cephalins or of a-GPE. The com- 
position of the hydrolysates of these substances, however, suggests that 
they are hydrolyzed in the same manner as the a-lecithins and a-GPC 
and that, provided allowance is made for the different nitrogenous base, 
the same reaction mechanisms should describe the hydrolysis of lecithins 
(1) and cephalins, and of GPC (2) and GPE, respectively. 

It is conceivable that the chemical hydrolysis of phosphatidyl] serines is 
likewise accompanied by a migration of phosphoric acid. An investigation 
of the acid and alkaline hydrolysis of phosphatidy] serines, with syntheti- 
cally prepared L-a-phosphatidy! serines! as substrates, is in progress in this 
laboratory. 


EXPERIMENTAL 


The chemically and configurationally pure L-a-(distearoyl) cephalin (9) 
and L-a-glycerylphosphorylethanolamine? used in this investigation were 
obtained by synthesis. 


Hydrolysis with Barium Hydroxide 


Experiment 1. t-a-(Distearoyl) Cephalin (DSC)—In a 2-necked round 
flask, provided with a mercury-sealed stirrer and a condenser, a mixture of 
4.19 gm. (5.6 mM) of L-a-DSC and 85 ml. of an approximately 0.55 N aque- 
ous solution of barium hydroxide (saturated at 24°) and 2 drops of octyl 
alcohol was heated with stirring at a bath temperature of 110° for 3 hours. 
At the end of this period the mixture was cooled to room temperature, 
acidified to the Congo red end-point with 5 N sulfuric acid, and freed of 
barium sulfate and stearic acid by successive centrifugation and filtration, 


1 The synthesis of phosphatidy] serines was reported in a lecture presented before 
the Seventy-fifth meeting of the American Chemical Society, New York, September, 
1951. 

2 A detailed description of the synthesis of L-a-glycerylphosphorylethanolamine 
will be reported soon. 
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The filtrate, to which 0.5 ml. of glacial acetic acid had been added, was 
freed of sulfuric acid by adding cautiously an aqueous solution of barium 
hydroxide until a centrifuged sample gave no further precipitate with this 
reagent. An excess of barium hydroxide should be avoided. The barium 
sulfate was removed by centrifugation and the solution was concentrated 
under reduced pressure to a thick oil at a bath temperature of 35-40°. 
The glycerophosphoric acids were isolated as their barium salt mixture, 
according to the method of Folch (10). 

Experiment 2. .L-a-Glycerylphosphorylethanolamine—A solution of 1.21 
gm. (5.19 mM) of L-a-GPE (monohydrate) in 45 ml. of an approximately 
0.55 N solution of barium hydroxide was heated with refluxing for a period 


TABLE I 


Analysis of Glycerophosphoric Acid Mixtures Resulting from Hydrolysis of Pure 
a-Phosphatides with Alkali 


0.55 N aqueous barium hydroxide solution; 3 hours; bath temperature 110°. 


| Substrate | Barium glycerophosphate mixtures 
ment No. ount Purity (base | 
| e ota L-a@ DL-a 
| | | : | : 
gm. per cent per cent | degrees per cent per cemt per cent per cent 
1 | DSC | 4.19 | 6 | 95.2 | —0.40%| 55 | S4f | 21 | 45 
2 GPE | 91.4 | —0.24f | 46 | 20T | 26 | 


| | 
*1 dm. tube; 2 N HCI; ¢ 22. 
t The calculation of this value is based on the specific rotation of —1.2° for pure 
L-a-GPA ((1) p. 618). 
t2 dm. tube; 2 nN HCl; ¢ 21. 


of 3 hours (bath temperature 110°). After cooling to room temperature, 
the solution was acidified to Congo red with 5 N sulfuric acid, 0.5 ml. of 
glacial acetic acid was added, and the glycerophosphoric acids were isolated 
as described above. 

The vacuum-dried barium salt mixtures (0.1 mm., 140°, P2O;, 1 hour) 
which weighed 1.19 gm. (Experiment 1) and 1.17 gm. (Experiment 2), 
respectively, were analyzed for organic phosphorus, total a-GPA (2, 11), 
and optical activity, and the contents of L-a-GPA, pL-a-GPA, and 6-GPA 
were calculated as described previously (1,2). The results are summarized 
in Table I. 


Hydrolysis with Hydrochloric Acid 


Experiment 3. 1-a-(Distearoyl) Cephalin—A suspension of 3.88 gm. of 
L-a-DSC (5.19 mM) in a mixture of 2 ml. of chloroform, 7 ml. of ethanol, 
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and 100 ml. of 1 n hydrochloric acid was heated under a reflux (bath tem- 
perature 110°) for a period of 7 hours. The mixture was brought to room 
temperature and extracted with two 75 ml. portions of petroleum ether 
(b.p. 35-60°) containing 5 per cent (by volume) of chloroform. The aque- 
ous layer was filtered and the chloride ions were removed by triturating 
the solution with 13.4 gm. of silver oxide in the presence of 5 ml. of glacial 
acetic acid. The mixture was filtered, the filtrate was treated with hydro- 
gen sulfide to remove the silver ions, and the glycerophosphoric acids were 
isolated in the form of their barium salts, as described by Folch. 


TABLE II 
Analysis of Glycerophosphoric Acid Miztures Resulting from Hydrolysis of Pure 
a-Phosphatides with Acid 
Experiments 3 and + in 1 N HCl for 7 hours at 110° bath temperature; Experi- 
ment 5 in 1.02 n HCI for 117 hours at 37° (+0.5°). 


Substrate Barium glycerophosphate mixtures 
ge Amount Purity (based 
ment No. oun Re- urity (base Total 

gm. per cent per cent degrees per cent | per cent) per cent per cent 

3 DSC 3.88 65 95 .0 0 .00* 90 0 90 10 

4 GPE 1.02 39T 89.7 0.00f 89 0 89 1] 

5 GPE 1.47 71 99.4 0 .05§ 86 14 


*1 dm. tube; 2 nN HCl; ¢ 19. 
+ The greater part of the glycerophosphoric acid has been hydrolyzed to glycerol 


and phosphoric acid. 
t1 dm. tube; 2 nN HCl; ¢ 12. 
§ 2 dm. tube; 2 N HCl; ¢ 21. 
|| The calculation of this value is based on the specific rotation of —1.2° for pure 


L-a-GPA ((1) p. 618). 


Experiment 4. L-a-Glycerylphosphorylethanolamine (Bath 110°)—A solu- 
tion of 1.02 gm. (4.38 mM) of L-a-GPE (monohydrate) in 100 ml. of 1 N 
hydrochloric acid was heated with refluxing for a period of 7 hours. After 
cooling to room temperature, the solution was freed from chloride ions by 
stirring with 12.2 gm. of silver oxide in the presence of 5 ml. of glacial 
acetic acid. The filtrate was treated with hydrogen sulfide and the glyc- 
erophosphoric acids were isolated in the form of their barium salt mixture, 
as described by Folch. 

Experiment 5. -a-Glycerylphosphorylethanolamine (Bath 37°)—A solu- 
tion of 1.47 gm. (6.29 mmo) of L-a-GPE (monohydrate) in 20 ml. of 1.02 
hydrochloric acid was kept in a water bath at 37° (+0.5°) for 117 hours. 
The pH of the solution was 0.25. The isolation of the barium glycero- 
phosphates was carried out as in Experiment 4. 
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The vacuum-dried barium salt mixtures (0.1 mm. of Hg, P2O;, 140°, 1 
hour), weighing 1.04 gm., 0.529 gm., and 1.37 gm. in Experiments 3, 4, and 
5, respectively, were analyzed for organic phosphorus, total a-GPA, and 
optical activity, and the contents of L-a-GPA, DL-a-GPA, and 6-GPA were 
calculated as described in our earlier paper (1). The results are summa- 
rized in Table IT. 


SUMMARY 


It has been shown that both the acid and the alkaline hydrolysis of 
cephalins and of their glycerylphosphorylethanolamine moiety is accom- 
panied by a reversible migration of phosphoric acid. 

The hydrolysates of L-a-cephalins and of L-a-glycerylphosphorylethanol- 
amine contain predominantly a-glycerophosphoric acid when obtained by 
acid hydrolysis, and approximately equal amounts of a- and @-glycero- 
phosphoric acid when obtained by alkaline hydrolysis. The a-glycero- 
phosphoric acid is either partially (alkaline hydrolysis) or almost totally 
racemized (acid hydrolysis). 

There is evidence that the reaction schemes describing the acid and 
alkaline hydrolysis of the lecithins and of glycerylphosphorylcholine are 
valid also for the cephalins and glycerylphosphorylethanolamine, provided 
that ethanolamine is substituted for choline. 

The occurrence of the migration of phosphoric acid makes it highly prob- 
able that most, if not all, of the 6-glycerophosphoric acid in the hy- 
drolysates of natural cephalins is formed by this reaction and not by the 
hydrolysis of 6-cephalins. Thus, contrary to general belief, the natural 
occurrence of 6-cephalins, like that of @-lecithins, remains hypothetical. 


This work has been supported by grants from the Nutrition Foundation, 
Inc., New York, and the National Research Council of Canada, and the 
authors wish to express their sincere thanks to both. 
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THE USE OF BACTERIOPHAGE IN RELEASING TWO 
DECARBOXYLASES FROM ESCHERICHIA COLI B* 


By IRVING H. SHERT ano M. F. MALLETTE 


(From the Department of Biochemistry, School of Hygiene and Public Health, The 
Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, July 31, 1952) 


In their purification of L-lysine decarboxylase, Gale and Epps (1) em- 
ployed an acetone-ether treatment of adapted bacteria. When suspended, 
these dehydrated cells had about twice as much enzymatic activity as did 
a suspension of the original live organisms. However, only a little over 
half of the total activity of the dried cells was extractable. 

In an effort to obtain L-lysine decarboxylase and L-arginine decarboxylase 
in higher yields and purity, several methods of cell rupture have been 
compared in the present study. In addition, the possibility of lysis by 
means of bacteriophage was studied with a view of the isolation of these 
same enzymes from bacteria. Apparently, phages have not been used 
previously in the release of enzymes from bacteria, although Sylvester (2) 
suggested that the method might be effective. 


Methods 


The strains of Escherichia coli B and T.r* virus were kindly supplied by 
Dr. R. M. Herriott. The numbers of bacteria and phage were determined 
by optical density and titer methods respectively (3). Large quantities of 
bacteriophage were grown according to the method of Herriott and Barlow 
(4). E. coli was grown in nutrient broth at 37° with agitation to a concen- 
tration of about 1 X 10° cells per ml. This culture was used to inoculate 
an adapting medium,! giving an initial concentration in the adapting me- 
dium of 3.5 & 10° cells per ml. The cells were grown without agitation for 
16 hours at 37°, harvested by centrifugation, and washed twice with physi- 
ological saline. 


Determination of Enzymatic Activity 


Decarboxylase activities were measured manometrically. The main cup 
of the Warburg vessel contained 1.5 ml. of buffer, 0.5 ml. of 0.004 per cent 


* Supported in part by a grant from the Division of Research Grants and Fellow- 
ships, National Institutes of Health, United States Public Health Service. 


t Lalor Foundation Fellow. 
1A modified form of casein digest medium of Gale and Epps (1), the exact compo- 


sition to be published later. 
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coenzyme,” and 0.5 ml. of enzyme solution. The side arm contained 05 
ml. of M/15 L-lysine hydrochloride or M/15 L-arginine hydrochloride. Ac. 
tivity measurements were made in systems which were buffered as shown 
in Table I. The manometers were equilibrated at 37° for 15 minutes and 
the side arm tipped in at zero time. Gas evolution was measured starting 
at 5 and ending at 10 minutes after mixing. 

Protein was estimated with the Folin and Ciocalteu reagent according 
to the method of Herriott (5). 


Techniques of Cell Rupture 


Glow Beads—Washed cells were suspended in 1 volume of water at a 
concentration of about 2 X 10!° cells per ml., and 2 volumes of glow beads 
were added.* This suspension was shaken at 250 cycles per minute for 1} 


TABLE I 
Buffers Used in Enzyme Assays 
The different pH values listed correspond to the values for the optimum activities 
of the various enzyme systems involved. 


Substrate State of enzyme | Buffer 
L-Lysine........ Intact cells MelIlvaine’s phosphate-citrate, pH 4.7 
- ........| Other preparations M/S phosphate, pH 6.0 
L-Arginine....... Intact cells Mellvaine’s phosphate-citrate, pH 44 
- ...... Other preparations M/5 acetate, pH 5.2 


hours at 3°. The liquid was decanted and the beads washed with several 
small portions of water. The pooled solution was centrifuged and the 
supernatant saved. 

Autolysis—Washed cells were stored 8 days at 3° and then extracted by 
shaking with a 0.05 m phosphate-citrate buffer, pH 7.6, for 1 hour at 37°. 
The resulting suspension was centrifuged and the supernatant collected. 
Several variations in temperature, length of treatment, preservation, and 
suspension technique gave lower yields of enzyme. 

Glycine—Washed cells from 10 ml. of adapting medium were suspended 
in 5 ml. of 2 m glycine at pH 7.5, shaken for 24 hours at 37°, and an active 
supernatant was obtained after centrifugation. 

Acetone—Both acetone-ether (1) and acetone were used in drying the 
organisms. In the latter, washed cells from 10 ml. of adapting medium 


2 Pyridoxal phosphate was graciously supplied by Dr. W. W. Umbreit of the 
Merck Institute for Therapeutic Research. 

’The glow beads were obtained as pavement-marking beads, No. 8, SCB-3628, 
from the Minnesota Mining and Manufacturing Company, St. Paul 6, Minnesota. 
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were suspended in 1 ml. of saline, and 9 ml. of acetone were added rapidly. 
The mixture was centrifuged for a short time and the supernatant decanted. 
The precipitate was resuspended in 5 ml. of acetone, centrifuged, and the 
supernatant discarded. The residue was dried in vacuo, and for determina- 
tions of activity it was resuspended in saline. 

Bacteriophage—Washed cells from 10 ml. of adapting medium were sus- 
pended in 4 ml. of saline and treated with 1 ml. of a phage suspension of 
such a concentration as to give the desired ratio of phage per cell. This 
mixture was shaken at 37° for the indicated time, centrifuged, and the 
supernatant checked for activity. When excess phages (100 per bacterium) 
were used, practically no activity remained in the residue from centrifuga- 


TABLE II 
Comparison of Enzymatic Activities Obtained from E. coli by Various Methods 


| Activity units* per cell (X 10!°)| Activity units per mg. protein 


| Lysine Arginine ysine Arginine 
| decarboxylase decarboxylase decarboxylase decarboxylase 

Acetone powder. .............. 450 680 1000 1,500 
1300 1800 7400 15,000 


* Optimum pH values for activity measurements differ between suspended cells 
and extracts. The units are expressed as c.mm. of carbon dioxide evolved per hour 


at 37°. 


tion. For large preparations, the washed cells were suspended in saline at 
a concentration of 3.5 X 10" cells per ml. and a concentrated phage 
suspension was added to give twenty phages per cell. The mixture was 
shaken 13 hours at 37° and centrifuged. 


RESULTS AND DISCUSSION 


As methods of extracting L-lysine decarboxylase from the strain of E. coli 
B employed, we have tried acetone-ether dehydration, autolysis, grinding 
the cells with Hyflo filter cell, shaking with glow beads, and lysing the cells 
with lysozyme, glycine, and bacteriophage. Of these, grinding cold with 
washed Hyflo and incubating with lysozyme gave little or no yield of 
extracted enzyme. 

In Table II, different methods of treatment are compared with untreated 
adapted cells, thus showing the relative merits of these methods. It is 
observed that extracts containing the two decarboxylases commonly ex- 
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hibit higher activities than do the cells from which they are prepared, 
This “‘increased”’ activity presumably results from pH, steric, or permeabil- 
ity factors operating in intact cells. 

The acetone procedure resulted in enzyme activity similar to that ob- 
served by Gale and Epps (1) and higher than that of the untreated organ- 
isms. Extracts uniformly contained less activity than was observed for 
the dried and suspended cells. Furthermore, it was difficult, as previously 
noted by Gale and Epps, to reproduce the extraction to the extent of 
recovering a constant total activity. Although the data on measurements 
of protein are somewhat ambiguous in this case, the specific activity is 
probably lower than for other methods. 

Shaking adapted E. coli with glow beads gave an even greater increase 
in activity over the untreated cells than did dehydration. Glow bead 
treatment provides enzyme in a form suitable for purification, though the 
specific activity of the crude extract was not high. There are experimental 
difficulties in the large scale application of this method. Shaking with 
small glass beads has been used effectively (6) in breaking up bacteria, but 
the process has not been widely employed for the preparation of enzymes, 
although it seems promising for small scale work. 

The enzyme solutions, resulting from the most effective method of autol- 
ysis found, showed high specific and fair total activity, but duplication was 
unreliable, and lower yields than those shown were frequently obtained. 
Glycine lysis gave poor yields of enzyme and, like autolysis, was unreliable. 

The best yields of L-lysine decarboxylase were realized when EF. coli B 
were “‘lysed from without’? by means of bacteriophage. The concentra- 
tion of bacteria treated in this way has ranged from 1 X 108 to 3.5 X 10" 
cells per ml., with no indication of a limitation to the applicability of the 
method other than a reasonable fluidity of the cell suspension. This tech- 
nique is rapid and gives consistent results which appear to approach the 
highest total activity attainable from the cells. The solutions of these two 
decarboxylases thus obtained are stable. The specific activity shown in 
Table II is that for a large scale preparation. When phage lysis is used on 
small batches, somewhat lower specific activities are found. 

As a tool for obtaining cell-free enzyme preparations, phage lysis is quite 
effective for at least the two enzymes given. General applicability 1s 
suggested for other soluble bacterial enzymes. 

For large scale preparations of enzyme, sizable quantities of bacterio- 
phage become necessary. Thus it is desirable to use the minimum number 
of phage per cell, permitting a high recovery of total enzyme activity. 


‘ The term ‘‘lysis from without”’ has been applied (7) to the disruption of bacteria 
by bacteriophage without typical infection of the host organism or multiplication 
of the virus. 
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Fic. 1. The effect of the number of bacteriophages per E. coli on the recovery of 
soluble lysine decarboxylase activity. The system was shaken for 2 hours at 37°. 
Enzyme activity is expressed as per cent of that activity released with 100 phages 


per bacterium. 
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Fic. 2. The release of lysine decarboxylase during phage lysis. Enzyme activity 
is expressed as per cent of that activity released after lysis for 2 hours with 100 phages 
per bacterium. Turbidity is expressed in units directly proportional to optical 
density. A turbidity curve similar to that shown is obtained when 100 bacterio- 
phages per cell are used for the lysis. @, 100 phages per cell; O, twenty phages per 
cell; A, turbidity with twenty phages per cell. 
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Moreover, since the bacteriophages are approximately one-half protein, 
the specific activity of the resulting enzyme solution will be inversely 
affected by the number of phages used. For example, the use of 100 
phages per cell results in solutions with about 40 per cent of the total 
protein coming from the bacteriophage. With twenty phages per cell, the 
contribution drops to about 12 per cent. These values vary for different 
batches of phages and cells. 

Fig. 1 summarizes the relationship between the yield of L-lysine decar- 
boxylase and the number of bacteriophages used. On the basis of these 
observations, twenty phages per organism have been used successfully in 
large scale preparations. The use of 250 phages per bacterium gave the 
same total yield as 100 phages. 

In Fig. 2 it may be seen that the available lysine decarboxylase activity 
is rapidly released. Release is complete within 15 minutes when 100 phages 
per cell are added. Activity is liberated more slowly with twenty phages 
per cell but is essentially complete in an hour. In a short period, the 
turbidity has dropped to a minimum value, the swirl, typical of intact cells, 
has disappeared, and visible débris has formed. Thus one may conclude 
that lysis of the cells results in rapid release of the enzyme. 


SUMMARY 


Several methods for the liberation of the adaptive enzymes, lysine and 
arginine decarboxylases, from Escherichia coli B have been compared. Of 
these, lysis by means of Tor* bacteriophage gave the highest total and 
specific activities and was found to be the most suitable method for large 
scale preparations. Within 15 minutes the lysate, with 100 phages per 
bacterium, had 4 to 9 times the total activity measurable in intact cells. 
Twenty phage particles per cell released 92 per cent of this total available 
enzyme, the process being complete in 2 hours. It is suggested that this 
procedure may be generally useful for other soluble bacterial enzymes. 


BIBLIOGRAPHY 


. Gale, E. F., and Epps, H. M. R., Biochem. J., 38, 232 (1944). 

. Sylvester, J. C.,in Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric 
techniques and tissue metabolism, Minneapolis, 127 (1951). 

. Herriott, R. M., J. Gen. Physiol., 34, 761 (1951). 

. Herriott, R. M., and Barlow, J. L., J. Gen. Physiol., in press. 

. Herriott, R. M., Proc. Soc. Exp. Biol. and Med., 46, 642 (1941). 

. Curran, H. R., and Evans, F. R., J. Bact., 48, 125 (1942). 

. Benzer, 8., et al., in Delbriick, M., Viruses, Pasadena, 142 (1950). 


“Im 


| 
| 


y 


A ROLE OF NUCLEI IN OXIDATIVE PHOSPHORYLATION * 


By R. BERNAL JOHNSON anpb W. W. ACKERMANN 
WITH THE TECHNICAL ASSISTANCE OF LEONARD E. KEITH 


(From the Department of Epidemiology and the Virus Laboratory, School of Public 
Health, University of Michigan, Ann Arbor, Michigan) 


(Received for publication, June 9, 1952) 


Isolated mitochondria will catalyze many of the oxidative reactions ob- 
served with intact cells. However, such enzymatic activity may be only 
an approximation of the zn vivo metabolism. Metabolic studies of recon- 
stituted cells have utilized washed residues which represent simultaneously 
isolated cellular components (1), the recombination of cellular components 
in vitro (2), and special media which approximate the intracellular concen- 
tration of cofactors and inorganic ions (3). 

Potter et al. observed that a whole homogenate of rat liver oxidized py- 
ruvic and oxalacetic acids at a faster rate than did mitochondria alone. 
Further, the oxidative rate of mitochondria was stimulated by the addition 
of nuclear or supernatant fractions (2). These fractions alone showed no 
appreciable oxidation of the substrates. It was postulated that the rate 
of reaction was limited by the availability of phosphate acceptors. The 
ATPase activity of the nuclear and supernatant fractions accelerated the 
regeneration of the acceptors from adenosinetriphosphate (ATP). 

Similarly it has been shown that these oxidative processes of mitochon- 
dria are stimulated by the addition of hexokinase and glucose, which will 
also regenerate adenosinediphosphate (ADP) from ATP (4). 

In this report is described a stimulatory effect of nuclei on the rate of 
fixation of inorganic phosphate by mitochondria. This effect of nuclei is 
apart from that associated with the nuclear ATPase activity and also af- 
fects the oxidative rate. 


Methods and Materials 


Preparation of Cellular Fractions—Livers from 15 day-old embryonate 
eggs were removed and washed in cold isotonic sucrose. A 20 per cent 
homogenate was prepared from the tissue in 0.25 m sucrose with the Potter- 
Elvehjem (5) glass homogenizer. All manipulations of the tissue were per- 
formed at 0O-4°. The resulting preparation was fractionated by a modifica- 
tion of the procedure of Hogeboom and Schneider (6). To sediment nuclei, 
the homogenate was diluted to 4 per cent with 0.25 M sucrose and subjected 
to a centrifugal force 300  g for 7 minutes. The supernatant, obtained 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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by sedimenting a 20 per cent homogenate at 300 X g for 10 minutes, was 
employed for the isolation of mitochondria. These particulates were sedi- 
mented with a force of 24,000 X g applied for 15 minutes. The super- 
natant resulting from this last operation contained microsomes, fat parti- 
cles, and soluble proteins. The mitochondria were washed twice in 0.25 
M sucrose. In some experiments nuclei and mitochondria were sedimented 
simultaneously and washed once. 

The various cellular fractions thus obtained were diluted in 0.25  su- 
crose to give a final volume equal to that of the original 20 per cent ho- 
mogenate from which they were isolated. Thus the enzymatic activities 
expressed per ml. of a cellular fraction correspond to the activity of 200 
mg. of moist liver in the case of the whole homogenate or to the activity of 
the cellular fraction obtained from 200 mg. of moist liver. In this way the 
activity of any isolated cellular fraction can be compared directly with the 
whole homogenate. 

Enzyme Systems—The one-step oxidation of a-ketoglutaric acid to sue- 
cinate was performed by a method previously described (7). The exact 
medium is given with the individual experiments. The course of the reac- 
tion was followed by the measurement of oxygen consumption and the 
disappearance of substrate. The flask contents were analyzed after depro- 
teinization with trichloroacetic acid. 

The ATPase activity was determined in the absence of a-ketoglutaric 
acid and essentially under those conditions employed for the measurement 
of oxidative phosphorylation. The rate of reaction was determined by the 
release of inorganic phosphate from ATP. Both enzymatic measurements 
were made at 30°. 

Chemical Determinations—The uptake of oxygen was measured mano- 
metrically in the conventional manner by employing the Warburg appa- 
ratus. Inorganic phosphate was determined by the method of Lowry and 
Lopez (8). a-Ketoglutaric acid was estimated as described by Penrose and 
Quastel (9). Hexokinase was prepared from yeast by the method of Ber- 
ger et al. (10). 


Results 


ATPase Activity of Cellular Fractions—Since the hydrolysis of ATP is 
one of the most important side reactions which may lower the efficiency of 
oxidative phosphorylative processes, the ATPase activity of the various 
cellular fractions of embryonic liver was measured prior to a study of oxi- 
dative phosphorylation in this tissue. Recorded in Table I are the ATPase 
activities of the various cellular fractions, as measured under conditions 
similar to those used in later experiments of oxidative phosphorylation. 
The concentration of ATP employed, however, was 7 times greater than in 
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such experiments. In this way no attempt was made to determine the 
total ATPase activity, as could be done by activating the “latent’’? ATPase 
with dinitrophenol or greater concentrations of magnesium ions (11). De- 
spite the use of sucrose and low temperatures, each of the fractions was 
found to contain some activity (12). The whole homogenate displayed 
the greatest ATPase activity, while the mitochondria produced the smallest 
breakdown of ATP. The ATPase activity of a combination of nuclei and 
mitochondria was found to equal the sum of the individual activities. This 
is in contrast to the effect of the combination on oxidative phosphorylation 


(Fig. 2). 
Effect of Hexokinase and Glucose on a-Ketoglutaric Acid 


Oxidase—If the oxidation of a-ketoglutaric acid were limited by the re- 
generation of ADP from ATP, then the addition of hexokinase and glucose 
would increase the rates of oxygen uptake and substrate disappearance (4). 


hexokinase 
ATP + glucose —— — glucose-6-P + ADP 


(1D 
The same effect could be achieved by increasing the ATPase activity. 


arp tase, + p 


When Reaction I is employed, there is a net esterification of phosphate; 
however, if Reaction II is operating, there would be no increased disappear- 
ance of inorganic phosphate. The addition of the hexokinase-glucose sys- 
tem to the mitochondria did increase the rate of oxygen uptake, the dis- 
appearance of a-ketoglutaric acid, and the uptake of inorganic phosphate 
(Fig. 1). 

The data indicate that in the absence of hexokinase the initially limiting 
step in the oxidation of a-ketoglutaric acid by the mitochondria of embry- 
onic liver is the rate of turnover of ATP. This demonstrates the desirabil- 
ity of having hexokinase and glucose present when studying the effect of 
any other component on the mitochondria, particularly if that component 
contains ATPase activity. 

Oxidative Phosphorylation by Various Cellular Fractions—The coupling of 
the oxidation of a-ketoglutaric acid to the esterification of phosphate was 
studied in whole homogenates and various cellular fractions of embryonic 
chick liver (Fig. 2). The mitochondria obtained from 120 mg. of liver 
could oxidize in 30 minutes 2.1 um of substrate and esterify 5.3 um of inor- 
ganic phosphate. This coupled reaction did not take place in the nuclear 
fraction. A slight consumption of oxygen was observed, but no substrate 
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Fic. 1. Effect of hexokinase upon a-ketoglutaric acid oxidase. M, 0.6 ml. of mito- 
chondria suspension (1 ml. contains an amount equivalent to 200 mg. of moist liver); 
HEX, 0.01 ml. of hexokinase and 30 um glucose per flask. Flask contents: main com- 
partment, cytochrome c 1.33 10-5 M, adenosinetriphosphate (pH 7.4) 1 y, 
KH2PO, (pH 7.4) 8.34 K 1073 M, a-ketoglutaric acid 9.1 * 10°? M, diphosphopyridine 
nucleotide 16.7 y per ml., cocarboxylase 16.7 y per ml., sucrose (0.25 M) to 2.7 ml.; 
center wells, 0.3 ml. of 5 Nn KOH; side arms, 0.3 ml. of 70 per cent trichloroacetic acid. 
The duration of the experiment was 30 minutes. 


30; PHOSPHATE UTILIZATION! OXYGEN UTILIZATION | &-KETOGLUTARATE 
A4 MOLES | M ATOMS UTILIZATION 
M MOLES 


H N M Mt*NM-N H N M MtN M-N H N MM MtN M-N 

Fic. 2. Effect of nuclei upon oxidative phosphorylation by mitochondria. H, 
0.6 ml. of 20 per cent homogenate, VV, 0.6 ml. of mitochondria suspension, \, 0.6 ml. 
of nuclei suspension, MV + N, 0.6 ml. of mitochondria suspension supplemented with 
0.6 ml. of nuclei suspension in the flask, M — N,0.6 ml. of suspension of mitochondria 
and nuclei isolated together. 1 ml. of each suspension contains an amount of the 
tissue fraction equivalent to 200 mg. of moist liver. Flask contents: main com- 
partment, cytochrome c 1.33 10-5 M, adenosinetriphosphate (pH 7.4) 1 K M, 
KH2PQ, (pH 7.4) 1.67 107? Mm, glucose 0.02 mM, MgCl.-6H.O 1.65 XK 10-3 m, Na malonate 
(pH 7.4) 3 X 10-3 M, a-ketoglutaric acid 9.1 XK 10-2 M, diphosphopyridine nucleotide 
16.7 y per ml., cocarboxylase 16.7 y per ml., hexokinase 0.01 ml., sucrose (0.25 mM) 
to 2.7 ml.; center wells, 0.3 ml. of 5 n KOH; side arms, 0.3 ml. of 70 per cent trichloro- 
acetic acid. Duration of the experiment, 30 minutes. 
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was utilized and no phosphate was esterified. However, when the inactive 
nuclear fraction was added to the mitochondria, the activity of the latter 
fracticn Was greatly enhanced. The rate of uptake of oxygen and utiliza- 
tion of substrate was increased nearly 300 per cent, and the phosphate 
fixed was increased over 200 per cent (Fig. 2). The oxidative phosphoryla- 
tive activity of a fraction obtained by the simultaneous isolation of mito- 
chondria with nuclei was 280 per cent greater than with mitochondria alone 
and consistently greater than that of recombined nuclei and mitochondria 
(Fig. 2). 

The results are similar to those reported by Potter et al. for the oxidation 
of pyruvic and oxalacetic acids (2). However, they differ in that the en- 


TABLE I 
ATPase of Various Cellular Fractions 


Tissue preparation*® P released 


uM per 20 min. 


Mitochondria and nuclei (isolated simultaneously)... ... 1.35 
plus ‘‘ (combined in reaction vessel)... 1.35 


Medium, cytochrome ¢ 1.23 XK 10°° M, adenosinetriphosphate (pH 7.4) 7.38 K 10° 
mM, KH.PO, (pH 7.4) 8.15 K mM, MgCl.-6H.O 1.6 K 10-3 mM, Na malonate (pH 7.4) 
2.78 X 10° Mm, diphosphopyridine nucleotide 15.4 y per ml., cocarboxylase 15.4 y per 
ml., sucrose (0.25 mM) to 0.65 ml. Enzyme, 0.1 ml. of cellular fraction indicated. 
The duration of the experiment was 20 minutes. 

*1 mi. of each preparation contains an amount of the tissue fraction equivalent 
to 200 mg. of moist liver. 


hancing effect of nuclei was demonstrated in the presence of hexokinase, 
and secondly the esterification of phosphate was followed. This effect can- 
not be accounted for in terms of the ATPase activity of the nuclei, since 
the hexokinase-glucose system is regenerating ADP from ATP and any 
increased ATPase activity would not enhance the net uptake of phosphate. 

To demonstrate that the amount of hexokinase employed in these experi- 
ments was in excess of that necessary to produce the maximum rate of con- 
version of ATP to ADP, the effect of several concentrations of the enzyme 
was determined in the presence of mitochondria and in the presence of 
combinations of mitochondria and nuclei. When amounts of hexokinase 
(0.02 ml.) were employed which were approximately twice that necessary 
to produce a maximum effect on the mitochondria, then the addition of 
nuclei produced a further stimulatory effect on the rate of reaction. The 
number of micromoles of phosphate fixed and of oxygen utilized for the 
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tissue combinations were as follows: when mitochondria were employed, 
5.4, 2.7 wm; when mitochondria and nuclei were used, these corresponding 
values were 15.6, 7.9. The effect of nuclei on mitochondria could not be 
achieved by the utilization of increased amounts of hexokinase. 

The net uptake of phosphate observed is the result of a stimulation of 
the oxidative phosphorylation by some component of the nuclei plus a loss 
of high energy phosphate due to an increment of ATPase which is added 
with the nuclear fraction (Table I). It is obvious that the stimulatory 
effect of the nuclei outweighs the catabolic effect of the ATPase. This is 
shown further by experiments with the whole homogenate. The mito- 
chondria from 120 mg. of liver will release 6.4 um of phosphate from ATP 
in 30 minutes (calculated from Table I), while 120 mg. of the whole homog- 
enate will release 18.4 um; nevertheless, the whole homogenate shows a net 
fixation of 27 um of phosphate in this time, as compared with 5.3 uM fixed 
by the mitochondria. The total uptake of inorganic phosphate is 5 times 
as great as that observed with the mitochondria obtained from an equal 
weight of tissue. The low efficiency of the whole homogenate is indicated 
by the phosphate to oxygen ratio (whole homogenate, P:O = 2.34; mito- 
chondria, P:O = 2.52). While the total uptake of phosphate is greatly 
enhanced, the P to O ratio is not increased over that observed for the mito- 
chondria alone. 


DISCUSSION 


If data obtained by cellular fractionation are interpreted rigidly, it would 
appear that some of each component necessary for the oxidation of a- 
ketoglutaric acid with concomitant esterification of phosphate are present 
in the mitochondria. The autonomy of this fraction, however, is not com- 
plete and the rate-limiting components of the mitochondrial enzyme sys- 
tem are also present in the nuclei (Fig. 2). By virtue of this, the nucleus 
may influence the rate of oxidative phosphorylation in mitochondria. 

When mitochondria are isolated in isotonic sucrose and contain ATPase 
in a “latent” form (12), then the initially limiting step in the oxidation of 
a-ketoglutaric acid is the availability of phosphate acceptors. The initial 
stimulatory effect of nuclei is probably due to their ATPase. However, 
in the presence of an adequate source of ADP (Fig. 1), a significant second 
stimulatory effect of nuclei is observable (Fig. 2). Under these conditions, 
the transfer of high energy phosphate to the acceptor may be inadequate. 
The source of the high energy phosphate would be either the phosphoryl- 
ated dehydrogenase or more likely some component of the diphosphopyri- 
dine nucleotide hydrogen transport system. Thus, the effect of nuclei on 
the esterification of phosphate may result from the operation of this cellu- 
lar fraction in the transfer of phosphate to ADP from either source. 
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SUMMARY 


1. The esterification of inorganic phosphate which is coupled to the oxi- 


dation of a-ketoglutaric acid was studied with embryonic chick liver. Oxi- 
dative phosphorylation was measured in whole homogenates and in various 
isolated cellular components of this tissue. 


2. The rate of phosphate esterification and oxidation of a-ketoglutaric 


acid was found to be considerably slower in mitochondria than in whole 
homogenates. 


3. The rates of phosphate esterification, utilization of a-ketoglutaric acid, 


and uptake of oxygen by mitochondria were increased several fold by the 
addition of nuclear fractions which by themselves could not oxidize the 


substrate. 


4. This stimulatory effect of nuclei on the rate of fixation of inorganic 


phosphate is an activity apart from that associated with nuclear ATPase 
activity, and it is postulated that it is involved in the transfer of high en- 
ergy phosphate to ADP. 
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EFFECTS OF FASTING AND PYRUVATE ON PALMITIC ACID 
METABOLISM * 


By R. P. GEYER, ETHEL J. BOWIE, ann JACQUELINE C. BATES 


(From the Department of Nutrition, Harvard School of Public Health, Boston, 
Massachusetts) 


(Received for publication, August 6, 1952) 


Neither fasting nor pyruvate supplementation affects the oxidation of 
octanoic acid by liver slices (1-3). Similarly, neither fasting nor glucose 
supplementation affects the oxidation of this acid by the intact rat (4). 
On the other hand, the oxidation in vivo of palmitic acid and tripalmitin is 
increased by prior fasting of the animal and decreased by prior glucose 
administration (4). The differences between the long and short chain acids 
in vivo suggested that such a difference may also exist in vitro. The present 
paper deals with the results of studies in which the oxidation of palmitic 
acid by liver and kidney slices was studied from the following standpoints: 
(a) the influence of fasting, (b) the influence of pyruvate, and (c) the influ- 
ence of fasting on the effect of pyruvate. 


EXPERIMENTAL 


The techniques for the incubations, assay of radiocarbon in the respired 
carbon dioxide and acetoacetate carboxyl, and the emulsification of palmitic 
acid have been described (5). The palmitie acid had a specific activity of 
28,300 ¢.p.m. per mg. of acid. Each flask contained 2.5 mg. of this acid 
and a total of 20 ml. of Ca-free Ringer-phosphate solution (6). Male rats! 
weighing approximately 200 gm. were used in all experiments and were 
maintained on a commercial stock ration.2~ The animals were sacrificed by 
a blow on the head and approximately 40 mg. of dry weight of tissue were 
used per flask. The incubation time was 1 hour. When pyruvate was 
used, it was present at a final concentration of 5 mm per liter. 

Experiments were conducted to determine (a) the influence of 24 hours 


* Supported in part by grants-in-aid from the National Cancer Institute of the | 
National Institutes of Health, United States Public Health Service, the American 
Cancer Society through an Institutional Grant to Harvard University, and the 
Nutrition Foundation, Inc., New York. Presented in part at the meeting of the 
Federation of American Societies for Experimental Biology, New York, April 14-18 
(1952). 

The assistance of Sylvia Unterbach and Hastings K. Wright is gratefully acknowl- 
edged. 

! Wistar strain obtained from the Charles River Breeding Laboratories, Boston, 
Massachusetts. 

? Purina laboratory chow, Ralston Purina Company, St. Louis, Missouri. 
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TaBLe I 
Effect of 24 Hour Fast on Oxidation of Palmitic Acid in Vitro 


— 


ais fasted 0 
| | Ratio” of lasted | 

Tissue No. of rats ( 

| Conversion to | Conversion to 

| | acetoacetate (A) + (B) 

| | (A) (B) 
Liver 2.30 + 0.57 1.52 + 0.12 1.81 + 0.34 

, (t = 5.65) | (¢= 10.3) | (t = 5.94) 
Kidney | 18 0.98 + 0.15 | 1.10 + 0.52 0.97 + 0.14 

| (¢= 0.40) | (¢ = 0.57) | (t = 0.64) 


* Ratio + standard deviation from the mean. ¢ = the probability value for 
the difference between a ratio of 1 and the observed ratio. Critical values at the 5 
per cent probability level are 2.57 and 2.30 for the experiments with liver and kidney, 
respectively (8). 

TaBLe II 

Effect of Pyruvate on Oxidation of Palmitic Acid by Liver and Kidney Slices from 
Normal and Fasted Rats ( 

| | Ratio* of pyruvate supplemented 

| control 

Group No. Fasting period _ No. of rats 

_ Conversion to | Conversion to | 
CO: | acetoacetate | (A) + (B) i 
| | (A) | (B) | 


Liver slices 


| hrs. 
I | None 6 | 0.89 + 0.10 | 0.61 + 0.14 | 0.72 + 0.10 
| (¢ = 2.68) | (t= 6.82) | (t = 6.84) 
II | 24 13 0.51 + 0.19 0.59 + 0.25 0.54 + 0.14 
| | (¢ = 9.31) | (¢ = 8.93) 9.84) 


Kidney slices 
I None 70.52 0.97 + 0.36 0.55 + 0.16 
| (t = 8.65) | (¢ = 0.22) | (t = 7.45) 
II 24 | 11 0.47 + 0.17 | 0.64 + 0.22) 0.49 + 0.18 
| (t= 10.3) | (t = 5.41) (t = 9.41) 
t for difference between Groups I | 


t, except where designated, represents the probability value for the difference 
between a ratio of 1 and the observed ratio. Critical values of ¢ at the 5 per cent 
probability level are 2.57 and 2.18, respectively, for liver slices in Groups I and II, 
and 2.11 for the difference between the groups; 2.45 and 2.20, respectively, for kidney 
slices, and 2.12 for the difference between the groups (8). 

* Ratio + standard deviation from the mean. 
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of fasting on the oxidation of palmitic acid by liver and kidney slices, and 
(b) the influence of pyruvate on palmitate oxidation by liver and kidney 
slices from normal and fasted rats. The results of these studies are pre- 
sented in Tables I and II. In all cases the conversion of palmitic acid to 
C40. and the carboxyl group of acetoacetate was determined.® 


RESULTS AND DISCUSSION 


Fasting accelerated the oxidation of palmitic acid by rat liver slices but 
had no significant effect in the case of kidney slices (Table I). On the other 
hand, pyruvate decreased palmitic acid oxidation by either tissue (Table 
II). Pyruvate decreased C™O. and acetoacetate formation to the same 
extent when liver from fasted rats was used, whereas, with liver from 
non-fasted rats pyruvate had less effect on the C“O, than on the acetoace- 
tate. In the case of non-fasted animals the difference between the effect 
on respired carbon dioxide and acetoacetate was highly significant, with a 
tvalue of 12.1. Thus, the influence of fasting on the effect of pyruvate on 
palmitate oxidation was apparent only on CO, production. It is of inter- 
est to note that the influence of fasting itself in the case of liver was greatest 
on C4O. production (Table I). 

Pyruvate decreased the oxidation of palmitic acid by kidney slices (Table 
II). Fasting had no influence on this phenomenon as far as C“O, produc- 
tion was concerned, but did from the standpoint of acetoacetate formation. 
It must be borne in mind, however, that kidney oxidizes fatty acids almost 
entirely to carbon dioxide. 

The results presented in this paper support the concept that carbohydrate 
can influence long chain fatty acid metabolism. A similar conclusion was 
reached from studies with muscle (7). There is therefore a difference 
between long and short chain acids in this respect, since the oxidation of 
the latter has been shown to be uninfluenced by either fasting or pyruvate 
supplementation (1-3). This difference is under investigation, as is the 
influence of fatty acids on carbohydrate metabolism. 


SUMMARY 


Fasting accelerated palmitic acid oxidation by rat liver slices but not by 
kidney slices. Pyruvate decreased palmitic acid oxidation by liver and 
kidney slices from fasted and non-fasted rats. The differences between 
these effects on C™O. and acetoacetate formation are reported. 


* The activity of the carboxyl carbon of acetoacetate has been determined in a 
number of related experiments and has been found to approximate that of the car- 
boxyl carbon. 
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A METHOD FOR THE DETERMINATION OF ERGOTHIONEINE 
IN BLOOD* 


By DONALD B. MELVILLE anp ROSE LUBSCHEZ 


(From the Department of Biochemistry, Cornell University Medical College, New York, 
New York) 


(Received for publication, August 12, 1952) 


One of the difficulties associated with research on ergothioneine has been 
the lack of completely reliable methods for the quantitative determination 
of the compound in blood and other tissues. Ergothioneine was originally 
discovered to be present in the red blood cell by Benedict et al. (1, 2) and 
by Hunter and Eagles (3, 4), some 25 years ago, because of its reducing 
action on the arsenophosphotungstate reagent devised by Benedict for the 
determination of uric acid, and the earlier quantitative methods (5, 6) for 
ergothioneine were based on the use of this or similar reagents. The non- 
specificity of the uric acid reagents left much to be desired. In 1928 
Hunter (7) reported that the coupled product of ergothioneine with diazo- 
tized sulfanilic acid yields a characteristic magenta color in the presence 
of strong alkali. This reaction, which is highly sensitive for ergothioneine, 
shows excellent specificity (8, 9) and appears to be the most suitable basis 
for a quantitative method. The method proposed by Touster (10), based 
on the oxidation of the sulfur of ergothioneine to sulfate by means of bro- 
mine, suffers from lack of specificity and non-quantitative recovery of ergo- 
thioneine added to blood. 

The difficulties involved in applying the diazo reaction to the analysis of 
ergothioneine in natural materials are due to the fact that many substances 
(e.g., tyrosine) yield yellow to orange colors with the diazo reagent and 
thereby mask the magenta color given by ergothioneine, while other sub- 
stances (e.g., glutathione) inhibit the color formation from ergothioneine 
itself. Compounds of both classes occur in blood filtrates. The usefulness 
of the diazo reaction is therefore dependent on the availability of an effec- 
tive procedure for the removal of the interfering substances before the 
diazo reaction is applied. The difficulties in developing such a procedure 
are complicated by the variations in the amounts of interfering substances 
present, not only in blood from different species, but even in blood from 
different individuals within the same species. Hunter’s original diazo 
method is deficient in this respect. Modifications of the method, recently 
published by Hunter (11) and by Lawson, Morley, and Woolf (12), are at- 
tempts to overcome this difficulty. Hunter uses basic lead acetate to re- 


* This work was aided by a grant from the Nutrition Foundation, Inc. 
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move interfering substances from whole blood filtrates; however, occasional] 
interferences were still noted (11, 13). To eliminate remaining interfering 
substances, Lawson and coworkers remove plasma and in addition precipi- 
tate ergothioneine with iodobismuthous acid; some ergothioneine is lost 
owing to incomplete precipitation, and the sensitivity of the method js 
thereby reduced. In our experience with the Hunter and Lawson methods, 
not all blood samples tested have yielded satisfactory colors. 

In the method reported here, the diazo reaction is carried out on blood 
filtrates from which interfering substances have been removed by means of 
an ion exchange resin and organic solvent extraction. Of several dozen 
mammalian blood samples so far analyzed by the method, none has given 
poor colors. Further advantages of the method include increased sensitiy- 
ity which permits greater certainty in the determination of low ergothio- 
neine levels and applicability to the analysis of certain other tissues for 
ergothioneine. 


EXPERIMENTAL 


Determination of Ergothioneine in Pure Solution'—The procedure of 
Hunter (11) was modified to increase the sensitivity of the method by the 
use of larger volumes of test solution in conjunction with smaller volumes 
of more concentrated reagents. The sodium carbonate-sodium acetate 
buffer solution of Hunter was replaced by a sodium carbonate-sodium 
citrate mixture; the citrate was found to be useful in minimizing interfer- 
ence from traces of iron. Several substances were tested for possible pro- 
duction of extraneous color or inhibition of color formation from ergothio- 
neine. Histidine, tyrosine, thiolhistidine, and carnosine gave yellow to 
orange colors. Poor colors were obtained from ergothioneine in the pres- 
ence of iron, copper, or ammonium ions; iodide, fluoride, sulfite, or sulfur; 
ascorbic acid, cysteine, or glutathione; bilirubin, creatinine, digitonin, alco- 
hols, phenols, or ketones. Optical densities were measured in a spectro- 
photometer at 540 mu, rather than 510 my as used by Hunter, since light 
absorption at the longer wave-length is less affected by the presence of 
such substances as histidine and tyrosine, while the sensitivity toward ergo- 
thioneine is not appreciably changed. 

The relationship of optical density to ergothioneine concentration 1s a 
straight line function (Fig. 1). Approximately 30 y of ergothioneine pro- 
duce the maximum optical density readable with fair accuracy; this sensi- 
tivity is appreciably greater than the sensitivity attained by Lawson and 
coworkers, and is somewhat greater than that given by the method of 
Hunter. 


1 The ergothioneine was isolated from ergot by Mr. C. C. Otken in this laboratory 
by a modification of the method of Hunter, Molnar, and Wight (14). 
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Preparation of Blood Samples—As earlier investigators have observed, 
ergothioneine may gradually disappear from blood which is allowed to 
stand either at room temperature for a few hours or at refrigerator tem- 
peratures for several days. Whenever possible, therefore, samples have 
heen processed soon after collection. Potassium or sodium oxalate, so- 
dium citrate, and heparin were found to be suitable anticoagulants. In 
this work heparin has been used routinely. Because plasma contains sub- 
stances which give yellow or orange colors in the test (11), and contains no 
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MICROGRAMS OF ERGOTHIONEINE 
Fig. 1. Comparison of diazo color intensities given by solutions of pure ergo- 
thioneine with those given after treatment of trichloroacetic acid solutions of ergo- 
thioneine with IRA-410 ion exchange resin. 


detectable ergothioneine, it was removed from the cells. This was done 
most conveniently by delivering the heparinized blood into several volumes 
of isotonic saline solution and centrifuging. We have found no loss of 
ergothioneine from the cells in this procedure (cf. also Fraser (15)). The 
washed cells may be stored for several days in the frozen state. 

Blood Protein Precipitation—Varying recoveries of ergothioneine were 
obtained by earlier investigators with such protein precipitants as tungstic 
acid, molybdic acid, and tungstomolybdic acid (ef. Behre (16)). We found 
little or no ergothioneine in blood filtrates prepared with the above acids 
or with sulfosalicylic acid, metaphosphoric acid, trichloroacetic acid, or 
zinc hydroxide. We have discovered, however, that the addition of vari- 
ous reducing agents to the laked cells, prior to precipitation of the protein 
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with trichloroacetic acid, gives better recoveries of ergothioneine in the 
filtrate. The most satisfactory procedure for analytical purposes is treat- 
ment of the laked cells with glutathione and sodium hydrosulfite (dithio- 
nite); the use of both reagents is essential for maximum yields of ergothio- 
neine, as shown in Table I. After this treatment, precipitation of the 
proteins with trichloroacetic acid results in quantitative recovery of ergo- 
thioneine in the filtrate. This procedure was found to give filtrates which 
contained less protein and other interfering substances than filtrates pre- 
pared by the heat coagulation method used by Hunter. 

Removal of Interfering Substances—The removal of interfering substances 
from the blood filtrates without loss of ergothioneine presented the major 


TABLE I 


Effect of Addition of Sodium Hydrosulfite and Glutathione to Cells from 1 M1. Aliquots 
of Rat Blood Prior to Protein Precipitation with Trichloroacetic Acid 


Hydrosulfite Glutathione Color | Ergothioneine 
meg. meg. | 
None None | Yellow | 

5 Magenta 15.2 
15 | 15.4 
25 | 15.6 
50 | 12.6 
25 5 22.5 
25 10 she | 24.6 
25 15 sin 26.0 
25 20 Salmon-pink | 27.5 
25 30 | 26.0 


difficulty of the analytical procedure. The use of basic lead acetate, fol- 
lowed by precipitation of the lead with NaH.PQO,, as used by Hunter for 
the removal of glutathione, in our hands resulted in small losses of ergo- 
thioneine when this procedure was applied to pure ergothioneine solutions. 
Adsorption of ergothioneine on Norit, Lloyd’s reagent, silica gel, or alu- 
mina, followed by elution with various reagents, gave poor to fair recov- 
eries. Alumina columns showed the greatest promise, but it was not pos- 
sible to achieve quantitative separation of ergothioneine and glutathione 
on columns of a size suitable for routine analyses. Several ion exchange 
resins were investigated. Satisfactory results were finally obtained with 
IRA-410, a basic resin which is stated by the manufacturer to be effective 
in removing traces of hydrogen sulfide from aqueous solutions. Several 
salts of the resin were studied; the most promising was a mixture of the 
chloride and carbonate salts obtained by treating the commercially avail- 
able chloride form with sodium carbonate. This material, under controlled 
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conditions, removed glutathione and other interfering substances from 
blood filtrates with no loss of ergothioneine. The amount of resin, the 
time interval of shaking, and the moisture content of the resin influenced 
to some extent the recoveries obtained. Ergothioneine solutions which 
were treated with thoroughly dried resin gave recovery values in excess of 
the theoretical, owing presumably to preferential absorption of water by 
the resin. Moist resin was therefore used in the determinations. Pro- 
longed shaking of ergothioneine solutions with the resin resulted in the loss 
of ergothioneine, as did the use of excessively large amounts of resin. None 
of these factors was found to be highly critical, and satisfactory recoveries 
were uniformly obtained with resin prepared and used as described below. 

Blood filtrates prepared in the above manner occasionally yielded colors 
in the diazotization procedure which contained a yellow component not 
present when ergothioneine solutions were used. It was found that the 
material responsible for the yellowing could be removed by extraction of 
the filtrates with chloroform. The extraction procedure was most effective 
when it was applied to the filtrates before treatment with resin. During 
the extraction a small amount of solid material separated; both this solid 
and the material in the chloroform extract gave a yellow color in the diazo- 
tization reaction. The chloroform-extracted filtrates, when treated with 
resin and then carried through the diazotization procedure, gave the ma- 
genta color typical of pure ergothioneine. 

Reagenis— 

Trichloroacetic acid, reagent grade, redistilled in an all-glass apparatus; 
used as a 35 per cent solution in water. The amount of trichloroacetic 
acid used in the protein precipitation is close to the minimum required for 
satisfactory precipitation, in order that excessive amounts of resin will not 
be required later to remove the acid. The solution is kept refrigerated 
and replaced every week. The use of solutions which have deteriorated 
results in poor recoveries of ergothioneine from the subsequent resin treat- 
ment. 

Chloroform, reagent grade, washed six times with equal volumes of dis- 
tilled water, and stored in a dark glass bottle; washed once with water on 
the day it is used. | 

Sodium hydrosulfite, powdered (Mallinckrodt). 

Glutathione (Schwarz Laboratories, Inc., New York), aqueous solution, 
3) mg. per ml., prepared just before using. Some commercial samples of 
glutathione appeared to contain impurities which caused interference in the 
diazo reaction. The specified brand has worked satisfactorily. 

Ion exchange resin, Amberlite IRA-410 (The Resinous Products Division, 
Rohm and Haas Company, Philadelphia). Prepared by shaking 500 gm. 
of the commercial moist chloride salt with 2 liters of 5 per cent NasCO; 
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for 3 hours, washing with distilled water until free from alkali, and collect. 
ing on a funnel with the aid of suction. When no more liquid passed the 
filter, the moist resin was transferred to a container, with a closely fitting 
cover, to preserve the moisture content. 

Alkaline buffer solution. Sodium carbonate, reagent grade, anhydrous 
(200 gm.) and sodium citrate dihydrate (57 gm.) were dissolved in approx. 
imately 800 ml. of water with heating. The solution was cooled, filtered 
by gravity, and diluted to 1 liter. The solution is stored in polyethylene 
containers and is refiltered if sediment forms. 

Sulfanilic acid, reagent grade, 0.2 per cent solution in 1 per cent HCl. 

Sodium nitrite, reagent grade, 8 per cent solution in water. 

Diazotized sulfanilic acid solution. 1 volume of cold NaNOz solution 
added to 10 volumes of cold sulfanilic acid solution, mixed, and allowed to 
stand 10 minutes before using, and kept in an ice bath. Prepared fresh 
on the day it is to be used. 

19 n sodium hydroxide, prepared from reagent grade NaOH, filtered 
through a sintered glass funnel, and stored in polyethylene containers, 
The solution should be refiltered if subsequent cloudiness develops. 


Procedure 


1 ml. of heparinized blood is delivered into a 12 ml. graduated centrifuge 
tube containing 10 ml. of 0.9 per cent NaCl solution. The blood is thor- 
oughly mixed with the salt solution and the mixture is centrifuged. As 
much as possible of the diluted plasma is removed. Water is added to the 
cells to the 1.0 ml. mark, and the mixture is stirred with a glass rod to 
facilitate laking. Then 0.5 ml. of a freshly prepared solution of gluta- 
thione containing 35 mg. per ml. is added and the solutions are well mixed. 
Approximately 25 mg. of solid sodium hydrosulfite are added and the mix- 
ture is stirred. The tube contents are mixed with 5.0 ml. of water, and the 
proteins are precipitated by the addition of 0.5 ml. of 35 per cent trichlo- 
roacetic acid. The well stirred mixture is centrifuged, and the superna- 
tant solution is poured into a small separatory funnel and shaken with 15 
ml. of washed chloroform. The chloroform phase and any solid material 
are discarded, and the aqueous layer is transferred to a glass-stoppered 
tube of 15 ml. capacity. Approximately 4 ml. (about 2.4 gm.) of moist ion 
exchange resin are added. The tube is stoppered and shaken mechanically 
for 10 minutes. The solution is separated from the resin by gravity filtra- 
tion through a funnel containing a small plug of absorbent cotton. 

A 3 ml. aliquot of the chloroform- and resin-treated filtrate is transferred 
to a soft glass test-tube, 18 mm. outside diameter, which has been calibrated 
for use in the photometer. The tube is placed in an ice bath, 0.5 ml. of 
alkaline buffer solution is added, and the solutions are mixed. To the cold 
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solution 0.5 ml. of diazotized sulfanilic acid is added, and the solutions are 
mixed and allowed to stand in the ice bath for 45 seconds. Then 1.0 ml. 
of 19 N NaOH is added rapidly, and the solutions are well mixed. The 
solution is allowed to stand at room temperature until it is free from gas 
bubbles, and then the optical density at 540 my is determined in a Coleman 
junior spectrophotometer. It was necessary to modify the cuvette holder 
to permit reading 5 ml. volumes in the 18 mm. test-tubes. The instrument 
scale was adjusted to zero optical density with a blank solution prepared 
by substituting 3 ml. of water for the test solution. A blank prepared by 
shaking 7 ml. of 2.5 per cent trichloroacetic acid with resin and then treat- 
ing 3 ml. of the resulting filtrate with the diazo reagents gave a negligible 
increase in reading over the direct blank prepared without resin treatment. 

A calibration curve was obtained by the use of 3 ml. portions of pure 
ergothioneine solutions, of varying concentrations, in the diazotization pro- 
cedure. Fig. 1 shows the results obtained when the ergothioneine solutions 
were used directly in the diazo reaction, and also when solutions were first 
prepared in 2.5 per cent trichloroacetic acid, treated with resin, and then 
diazotized. The curves show essentially 100 per cent recoveries at all levels 
of ergothioneine concentration. In routine analyses, a 3 ml. portion of a 
standard ergothioneine solution containing 15 to 20 y of ergothioneine is 
diazotized with each series of blood samples. 

Since three-sevenths of the ergothioneine in 1 ml. of blood is used in the 
final color reaction, the values expressed in Fig. 1 are multiplied by 7,3 
to give the results in terms of micrograms of ergothioneine per ml. of blood. 
The calibration curve is therefore usable over a range of ergothioneine con- 
centrations up to approximately 7 mg. per 100 ml. of blood. ‘This range 
includes the large majority of blood samples we have examined. Speci- 
mens with higher levels can be determined either by the use of smaller 
amounts of blood filtrate in the diazo reaction or by using less blood ini- 
tially. If 0.5 ml. of blood is used, the amounts of glutathione and hydro- 
sulfite are decreased proportionately, but the amounts of the other reagents 
remain unchanged. It is of interest that 0.5 or 1.0 ml. samples of the same 
blood yield ergothioneine values which are proportional to the amount 
of blood used. Hunter (11) occasionally found decreased ergothioneine 
values when increased amounts of blood filtrate were used, owing to in- 
complete removal of inhibiting substances which show disproportionately 
greater effects at higher concentrations. Touster and Yarbro (17) encoun- 
tered the reverse phenomenon, in which enhanced values were obtained 
with the use of increasing amounts of blood filtrate. 

Recoveries of Ergothioneine Added to Blood—Ergothioneine was added to 
red blood cells from which the plasma had been removed, and the mixture 
was carried through the procedure as described above. Some typical re- 
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covery data for human blood are given in Table IT and for other species 
in Table ITI. 

Blood Ergothioneine Levels—The ergothioneine values obtained on a se- 
ries of normal adult humans are shown in Table IV. In these cases the 
procedures of Hunter (11) and of Lawson and coworkers (12) were applied 
to the same blood samples. The results obtained with all three methods 


TABLE II 


Recoveries of Ergothioneine Added in Varying Amounts to Cells from 1 M1. Aliquots 
of Human Blood 


Ergothioneine, y per ml. blood 


Subject | 
| Original | Added* | Found | “Calculated 
M 18.6 19.2 | 38.5, 37.0 | 37.8 
18.6 58.5 74.0, 75.0 | 77.1 
r 30.6 20.6 | 52.1, 53.2 51.2 
30.6 os...) 71.0, 70.0 71.8 
30.6 61.6 | 93.5, 96.0 92.2 


* The duplicate determinations were carried out by adding the indicated amounts 
of ergothioneine to separate aliquots of cells. 
TaB_e III 
Recoveries of Ergothioneine Added to Cells from 1 Ml. Aliquots of Animal Blood 


Ergothioneine, mg. per 100 ml. blood 


Species | 
| Original | Added Found | Calculated 
8.6 | 4.5 13.2 | 13.1 


were in substantial agreement when the quality of the colors obtained per- 
mitted comparison; in some samples with low ergothioneine levels, we were 
not able to obtain magenta colors by the Hunter or Lawson methods. In 
our limited experience with the Lawson method, we were not completely 
successful in controlling the losses of ergothioneine which occur during the 
precipitation with iodobismuthous acid; this may explain some of the di- 
vergences in results between the present method and that of Lawson. 
While the present method worked satisfactorily on blood from the species 
indicated in Table III, attempts to apply it to chicken blood resulted in 
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colors which contained an appreciable amount of yellow or orange compo- 
nent. Considerable improvement in the color was obtained by using picric 
acid and trichloroacetic acid in the protein precipitation. This was accom- 
plished conveniently by the substitution of 2 ml. of saturated picric acid 
solution for 2 ml. of the 5 ml. of water used to dilute the laked cells before 
precipitation with trichloroacetic acid. It was also found helpful to in- 
crease the volume of resin to approximately 5 ml. With this modified pro- 
cedure some samples of chicken blood yielded magenta colors in the diazo 
test, but in other samples the interference was not completely removed. 
We have not examined other species of nucleated cells. | 


TABLE IV 


Comparison of Methods for Determination of Blood Ergothioneine Levels in Normal 
Human Subjects 


| Ergothioneine, mg. per 100 ml. blood* 


Subject 
Method of Hunter _ Method of Lawson et al, | Present method 
BG 2.0 | 2.3 | 2.0 
JP 2.0 | | 1.8 
CR 2.5 1.6 2.9 
DA 1.5 
RL 3.1 3.2 4.2 
MC | : 1.7 
MA | 2.1 1.6 1.8 
DM | | 1.9 1.9 


| 


* Values are given only for determinations in which satisfactory magenta colors 
were obtained. 


DISCUSSION 


The fact that the addition of reducing agents to laked blood cells will 
prevent loss of ergothioneine during the subsequent precipitation of pro- 
teins with trichloroacetic acid is of considerable interest with regard to the 
state of ergothioneine in the red cell. One possible explanation is that 
ergothioneine may be bound to red cell protein in a linkage which is split 
by glutathione and hydrosulfite, or by heat coagulation in dilute acid solu- 
tion. Further work is required to settle this point. Whatever the expla- 
nation, for the present purposes it is of interest that the ergothioneine 
levels obtained by both of these quite different procedures are consistent. 
Such agreement suggests that the ergothioneine values found are a true 
measure of the ergothioneine content of the red cell. The excellent recov- 
eries of ergothioneine added to cells lend weight to this supposition. 

The use of glutathione as a reagent in this procedure may appear unde- 
sirable in view of the fact that glutathione inhibits the color produced by 
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ergothioneine. However, the ion exchange resin is quite effective in remoy- 
ing the necessary amounts of added glutathione. The only other reagent 
which we found to be completely effective in replacing the glutathione. 
hydrosulfite mixture is 2 ,3-dimercaptopropanol (BAL); this substance also 
caused interference with the diazo color and was not readily removed from 
the blood filtrates by the resin and chloroform treatment. 

One advantage of the method described is the greater sensitivity at low 
ergothioneine levels. We have had occasion to examine animal bloods 
which contained no demonstrable ergothioneine. In these cases the diazo 
color was a pale straw-yellow. This slight amount of residual interference 
is not noticeable in the presence of low ergothioneine concentrations, and 
apparently does not affect the results to a significant extent. 

Tissues and fluids other than blood were examined to determine the limi- 
tations of the method. Samples of human umbilical cord blood and men- 
strual blood gave little interfering color and were found to contain ergo- 
thioneine. Blood platelets and leucocytes, saliva, urine, and semen gave 
yellow to orange colors. Homogenized tissues from various organs of the 
rat vielded yellow to brown colors. When picric acid was used in conjunc- 
tion with trichloroacetic acid to precipitate proteins, interfering substances 
were effectively removed from liver, heart, and kidney homogenates. This 
method permits the determination of ergothioneine in these tissues with 
much greater certainty than can be accomplished by the procedure de- 
seribed by Heath and coworkers (18), in which the tissues from rats to 
which ergothioneine had been administered were compared with tissue 
“blanks” from rats which had received no ergothioneine. Tissues which 
we examined other than the three mentioned gave too much interfering 
color to permit an accurate determination of ergothioneine. 


SUMMARY 


A method for the quantitative determination of ergothioneine in blood 
has been devised, based on the treatment of laked red cells with hydrosul- 
fite and glutathione, precipitation of proteins with trichloroacetic acid, and 
removal of interfering substances by extraction with chloroform and ad- 
sorption on an ion exchange resin. Ergothioneine is then determined by a 
modification of the diazotization reaction previously described by Hunter. 
All mammalian bloods examined have given satisfactory colors and good 
recoveries of added ergothioneine. The method is applicable to the anal- 
ysis of certain tissues for ergothioneine. 
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ERUCIC ACID AS THE FACTOR IN RAPE OIL AFFECTING 
ADRENAL CHOLESTEROL IN THE RAT 


By K. K. CARROLL* 


(From the Collip Medical Research Laboratory, University of Western Ontario, London, 
Canada) 


(Received for publication, July 24, 1952) 


In a previous communication it was reported that feeding rape oil to 
rats for a month as 25 per cent by weight of their diet caused a 3- to 4-fold 
increase in the amount of cholesterol in their adrenals (1). A similar 
effect has been obtained by feeding large amounts of turnip seed oil, 
nasturtium seed oil, or a weed seed oil obtained chiefly from species of 
Brassica. Other fats and oils have generally produced a definite, but much 
smaller, increase in adrenal cholesterol. 

The oils which cause the greatest increases in adrenal cholesterol in the 
rat are characterized by their high content of erucic acid, and experiments 
described in the present paper on the fractionation of rape oil indicate that 
erucic acid is chiefly responsible for its effect on adrenal cholesterol. ‘In a 
further series of experiments, a number of individual fatty acids or their 
esters have been fed to rats and observations made on changes in adrenal 


cholesterol. 


EXPERIMENTAL 


Fractionation of Rape Oil—Rape oil! was saponified by refluxing 600 gm. 
of the oil with 480 cc. of aqueous potassium hydroxide (10 gm. per 20 cc.) 
and 480 ec. of aleohol. The mixture was then poured into 7 liters of water 
and the non-saponifiable material (4.2 gm.) was extracted with ether. The 
fatty acids were separated by acidification of the aqueous solution and con- 
verted to methyl esters by refluxing with 4 volumes of methyl! alcohol 
containing 0.5 per cent of concentrated sulfurie acid. These were frac- 
tionated by distillation in a Todd column (2) at approximately 1 mm. 
pressure. 

Methyl oleate and methyl erucate were prepared from the corresponding 
acids (Eastman Kodak) by the method described above and purified by 
fractionation in the Todd column. The methy!] oleate boiled at 170—174° 
at 1 to 2 mm. pressure (iodine value 89.4, neutral equivalent 305), the 
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methyl erucate at 198-202° (iodine value 70.9, neutral equivalent 352), 
Pure erucic acid (m.p. 32-34°) was prepared by saponification of the methy| 
erucate, followed by recrystallization from alcohol. 

The purified methyl erucate was also used as a starting point for the 
synthesis of nervonic acid. It was reduced to erucyl alcohol in 90 per cent 
yield with lithium aluminum hydride (3), and the remainder of the synthe- 
sis followed the method of Hale, Lycan, and Adams (4), with some modifi- 
cations suggested by Miiller (5). 

The average over-all yield from methy! erucate was 40 per cent of theo- 

retical. The crude nervonic acid was recrystallized once from 7.5 volumes 
of alcohol at — 16° and the resulting mixture of cis and trans isomers melt- 
ing at 40-50° was used in some of the feeding experiments. The mixture 
of isomers was easily separated by recrystallization from 20 volumes of 
alcohol, first at 0° at which most of the trans isomer and some of the cis 
isomer precipitated and then at —16°, when pure cis isomer (m.p. 39-41°, 
iodine value 68.4) was obtained. The yield of cis isomer was increased by 
repeating the recrystallization on the mixture obtained at 0°.  Brassidic 
acid was obtained by treating erucic acid with sodium nitrite and nitric 
acid and purified by recrystallization from alcohol (6). 
Young male rats of the Sprague-Dawley strain, weighing 80 to 90 gm., 
were used in the feeding tests. The individual fatty acids or rape oil frac- 
tions were intimately mixed with the regular diet of Masters’ fox chow. 
In the experiments in which erucic and nervonic acids were fed (Table II), 
a synthetic diet of the following composition was used: casein, 20 per cent 
by calories; fatty acid, percentage by weight as indicated; salt mixture, 5 
per cent by weight; glucose, to make 100 per cent. To these were added 
an adequate vitamin supplement and 5 gm. per 100 gm. of diet of Cellu 
flour. 


Results 


As a result of careful studies in a number of laboratories (7-9), the chem- 
ical constitution of rape oil is quite well known. It contains less than | 
per cent of non-saponifiable matter and the major component fatty acids 
are oleic 16, linoleic 15, linolenic 9, eicosenoic 12, and erucic 40 per cent. 
In order to identify one or more of these components as the factor affecting 
adrenal cholesterol, various fractions of rape oil were fed to rats, with the 
results shown in Table I. 

It is evident that the activity can be destroyed by hydrogenation and 
can be concentrated by fractional distillation into the higher boiling fatty 
acid fraction. The non-saponifiable fraction appears to be inactive, even 


2 Salts 40 (Steenbock, H., and Nelson, E. M., J. Biol. Chem., 56, 355 (1923)). 
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when fed in a high fat diet. These facts suggested that either eicosenoic 
or erucic acid is responsible for the observed effect on adrenal cholesterol, 


TABLE I 
Effect of Rape Oil Fractions on Rat Adrenal Cholesterol 
| Total 
| | | terol 
| | | gm. mg. me. 
1. None | | 24 | 189 30.2) 1.33 
2. Rape oil | 108 | 25 | 2 | 26 | 157 | 37.8] 4.50 
3. Hydrogenated rape oil* | @ 6 189 28.9} 1.79 
4. Methyl esters of fatty | 129 a oe 3 170 27.1 1.68 
acids (b.p. 154-175°) | | | 
5. Methyl esters (b.p. 175- | 80 | 15 = 3 | 173 | 43.0; §.42 
194°) | | | | | 
6. Non-saponifiable fraction 04, | | 174 | 29.7] 2.38 
+ 25% corn oil | | | | 
7. 25% corn oil (control for | 26 5 | 179 27.2 | 2.28 


(6)) | | | | | 


* The hvdrogenation was kindly performed by Procter and Gamble, Ltd., Hamil- 
ton, Ontario. 


TABLE II 


Effect of Fatty Acids on Rat Adrenal Cholesterol 
All diets were fed for 21 days. 


| ow | ‘Total 
Fer gent | No.of at weight Adsene! | adrenal 

gm. meg. | me. 

Oleic acid | 20 6 178 26.2 | 2.30 
Eicosenoic acid, methyl ester* 2 160 of 
Erucic acid, methyl ester* 137 35.1 5.16 
| 3 168 35.1 4.15 
5 2 193 29.8 1.61 

Nervonie acid | 18 2 170 38.1 4°65 
10 2 162 34.2 3.08 

10t 2 157 33.6 2.52 


*The author is grateful to Dr. B. M. Craig, Prairie Regional Laboratory, Na- 
tional Research Council, Saskatoon, for the methyl esters of eicosenoic and erucic 
acids which were purified by distillation in a Podbielniak column (9). 

t cis-Nervoniec acid was used in this experiment. 


and experiments with purified methyl esters of these acids showed that 
erucic acid is the active compound (Table IT). 
Methy! erucate purified by distillation in the Todd column contained 
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approximately 1 per cent of dienoic acid as measured by its absorption jn 
the ultraviolet region after alkali isomerization (10), and it was necessary 
to eliminate the possibility that the dienoic acid was actually the active 
substance. This was accomplished by partial hydrogenation® of the methy] 
erucate in which the diene content was reduced to 0.05 per cent without de- 
stroying the activity. 

Feeding tests have also been carried out with a number of individual 
fatty acids, and in most cases only a small increase in adrenal cholesterol 
was observed. The results of feeding oleic acid are shown in Table II, 
and similar results were obtained with palmitic, stearic, and linoleic acids, 
Nervonic acid, a higher homologue of erucic acid, gave a response com- 
parable to that of erucic acid and considerably greater than that of the 
Cis fatty acids. 

DISCUSSION 

The evidence that has been presented indicates that erucic acid is ¢a- 
pable of producing marked increases in rat adrenal cholesterol, and this 
compound appears to be mainly responsible for the effect of rape oil on 
adrenal cholesterol. The commonly occurring fatty acids are much less 
effective than erucic, and this confirms previous results of feeding fats and 
oils containing major proportions of these acids (1). Further experiments 
on feeding oils such as tung oil, castor oil, and carrot seed oil suggest that 
the less common fatty acids, elaeostearic, ricinoleic, and petroselenic, like- 
wise have little effect on adrenal cholesterol. 

It is of interest to compare the relative activities of the monounsaturated 
acids homologous (Table III) with erucic acid. Oleic acid and eicosenoic 
acid, the Cys and Cay members of the series, cause smaall increases in adrenal 
cholesterol of similar magnitude, while the C2. member, erucic acid, is much 
more active, and the activity appears to be maintained in the Cs, member, 
nervonic acid. Although no tests were made with pure samples of ximenic 
acid and lumequie acid, the Cog and C357 members of the same series, ximenia 
caffra oil, which contains 10 per cent of the former and 11 per cent of the 
latter,4 had very little effect on adrenal cholesterol. Direct comparison of 
the results obtained on the basis of amounts of the acids fed is not justified 
because absorption of fatty acids from the gut decreases with increasing 
chain length. When fed at the 10 per cent level in the diet, 85 per cent of 
oleic acid, 55 per cent of erucic acid, and only 25 per cent of nervonie acid 


The author is indebted to Dr. N. H. Grace and his associates at the National 
Research Council, Ottawa, for performing the hydrogenation and determining the 
diene content. 

4 Personal communication from 8. P. Ligthelm, University of Cape Town, South 
Africa. The author is indebted to Dr. Ligthelm for the ximenia caffra oil used in 
this experiment. 
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were absorbed (unpublished observations). Thus, the difference in activ- 
ity between the Cis and Cx members of the series is perhaps greater than 
would appear from the results. The naturally occurring acids are in the 
cis form, and in a feeding test brassidic acid, the trans form of erucic acid, 
showed no evidence of activity, but brassidic acid is absorbed to a much 
smaller extent than erucic acid is. A test on a single rat with a purified 
sample of trans-nervonic acid also showed little activity. 

The finding that nervonic acid causes a marked increase in adrenal cho- 
lesterol is particularly interesting, since this compound has been isolated 
from cerebrosides (11) and also from sphingomyelin of brain, though not 
from that of spleen and lung tissue (12). The possibility that nervonic 
acid may play a physiological réle in the metabolism of cholesterol will be 
the subject of further investigation. 

Adrenal enlargement with an increase in adrenal cholesterol has been 
reported recently following the administration of small amounts of a sub- 


TaBLe III 
Homologous Monounsaturated Fatty Acids 
Eicosenoic acid........... | CH;—(CH:);-—CH=CH—(CH,),—COOH 
| 
Nervonic acid............. | 
Ximenic acid.............. | 
Lumequic acid ........... | 


stituted desoxybenzoin, amphenone B (13). This compound also produced 
thyroid enlargement, an effect which was not observed in our experiments 
with fatty acids. 


SUMMARY 


The increase in adrenal cholesterol resulting from feeding rape oil to rats 
has been shown to be produced by erucic acid. Among other fatty acids 
tested, only nervonic acid, a component of cerebrosides and sphingomyelin, 
gave a response comparable to that of erucic acid. 


The author wishes to thank Dr. R. L. Noble and Dr. J. B. Collip for the 
advice and the interest they have shown in this work. He is also indebted 
to Miss Carolyn Drulard, Mrs. J. Arnold, Mr. E. Andersen, and Mr. G. 
M Carpenter for valuable technical assistance. 
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ELECTRON MICROSCOPE OBSERVATIONS ON INTER- 
MEDIATE POLYMERS IN THE CONVERSION 
OF FIBRINOGEN TO FIBRIN* 


By PAUL KAESBERG anp SIDNEY SHULMAN+ 


(From the Departments of Biometry and Physics and of Chemistry, University of 
Wisconsin, Madison, Wisconsin) 


PLATE 1 


(Received for publication, July 28, 1952) 


The clotting of fibrinogen by thrombin is strikingly delayed in the pres- 
ence of certain reagents (1). One of these, hexamethylene glycol, has been 
the subject of a number of investigations. Studies of viscosity (2) and 
ultracentrifugal sedimentation (2) first revealed the fact that mixtures of 
fibrinogen and thrombin in the presence of hexamethylene glycol, although 
remaining fluid, were undergoing a slow polymerization, resulting in the 
formation of an apparently discrete intermediate polymer. After several 
days the incomplete conversion terminated, giving a mixture of polymer 
and monomer, the latter being essentially the same size and shape as fibrin- 
ogen. Observations of flow birefringence (3, 4) indicated that the polymer 
involved is somewhat polydisperse and has an average length of about 
4000 A. Similar results have been obtained by Scheraga and Backus (5). 
Most recently, light scattering studies (6) have shown the polymer to have 
twice the cross-section area and 7 to 8 times the length of a fibrinogen unit. 
This corresponds to a length of 3500 A and lateral dimensions which may 
be taken to be 30 X 60 A, assuming the arrangement of units to involve 
2 fibrinogen molecules side by side. It was also found that complete dis- 
sociation of these polymers occurs if the mixture is diluted to a very low 
protein concentration at constant solvent composition. The dissociation 
begins at the moment of dilution and progresses for about 2 hours, by which 
time the polymer has completely reverted to a monomeric form with the 
molecular weight and length of fibrinogen. 

These conclusions have now been confirmed by means of direct observa- 
tion in the electron microscope. 


* This is Paper No. 19 of a series on ‘The formation of fibrin and the coagulation 
of blood’? from the University of Wisconsin, supported in part by research grants 
from the National Institutes of Health, United States Public Health Service. 

Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. 

t Present address, Department of Bacteriology and Immunology, University of 
Buffalo School of Medicine, Buffalo, New York. 
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Methods 


A mixture containing 4.0 gm. per liter of fibrinogen, 1.0 unit per ml. of 
thrombin, and 0.50 m hexamethylene glycol at pH 6.2 and ionic strength 
0.45 was allowed to stand at room temperature. After 4 days, small sam- 
ples were removed and diluted 20-fold with the glycol-buffer solvent. A 
drop of the dilution was put on a collodion-covered screen and stained im- 
mediately with phosphotungstic acid solution. This staining serves not 
only to intensify the contrast between protein and background but to pre- 
cipitate the protein and prevent any appreciable dissociation of polymer. 
Additional drops of the diluted solution were removed and stained several 
hours later. In such samples, the polymer should be absent, according to 
the light scattering results. The various stained samples were washed with 
several successive drops of water to remove salt and glycol and were allowed 
todry. They were then shadowed with uranium in the customary manner 
and examined in the electron microscope. 


Results 


Typical pictures of samples that were fixed immediately after dilution 
are shown in Figs. 1, 2, and 3. Fig. 4 shows a sample allowed to stand for 
several hours in the diluted state. Several features are apparent in the 
preparations that were stained immediately. There is a background of 
very numerous interlaced fibrils, a much less frequent occurrence of long, 
thin single fibers (as in Fig. 1), and an occasional reticulate structure of 
thick strands (as in Fig. 2). It will be noted that the fibers frequently 
show a fine structure of parallel fibrils running along the length of the fiber 
and that they have thin tapered ends, where the fiber thickness decreases 
to about 100 A. Such thin ends can also be found at the periphery of nor- 
mal clots. The fibrils, both in the background and within the fibers, ap- 
pear to be about 100 A thick. The conclusion seems inescapable that the 
fibers are assembled by parallel alignment of the fibrils. Fig. 3 shows an- 
other field of background material at higher magnification. Fibrils meas- 
uring 100 A wide and about 3000 to 4000 A long can be frequently dis- 
tinguished. Another feature of interest in Figs. 1 and 2 is the fact that 
individual fibrils can often be seen branching away from one fiber and run- 
ning into parallel position in another fiber. It may be mentioned that 
pictures of normal clots, when examined closely, also show a fibrillar sub- 
structure in many strands, but these fine details are not nearly so thin or 
clearly distinguished as in the strands found in preparations from inhibited 
mixtures. 

In contrast to the other pictures, Fig. 4 does not show any fibrils or 
fibers. The appearance is very much like that seen in preparations of 
fibrinogen when dried from relatively concentrated solutions. 
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DISCUSSION 


It is believed that the fibrils are the intermediate polymers (given the 
symbol f,,) whose presence has been deduced from light scattering and other 
studies. Their observed dimensions and their disappearance on standing 
after dilution are in accordance with expectation. It is true that the meas- 
ured thickness seems greater than 60 A, but the difficulties of measuring 
such small dimensions and the well known anomalous thickening due to 
shadowing may well suffice to account for the difference. 

The earlier studies (2-6) have provided no information on how these 
f, units polymerize further to give a visible clot, nor has there even been 
proof that the normal, uninhibited clotting mechanism involves this inter- 
mediate stage, though the fact that this same intermediate has been found 
in systems inhibited by several different reagents makes such a conclusion 
seem warranted (7). The present study shows small amounts of more 
highly polymerized material, presumably formed during the preparation of 
the drop for observation, and examination of such material reveals the fur- 
ther steps in the polymerization process. The f, units combine to form 
generally unbranched strands of much higher asymmetry. These units 
have ratios of length to thickness of the order of 1000, showing a striking 
predominance of terminal over lateral growth, a process essential for the 
formation of networks at such low concentrations as those at which fibrin- 
ogen can be clotted. The fibers go on to form a three-dimensional network 
of moderately coarse and uniform strands, with cross-links largely provided 
by the extension of fibrils or thin fibers from one strand to another. 

It seems very likely that the normal and the inhibited polymerizations 
proceed by similar mechanisms, since the reticulate structures in Fig. 2 
look like normal clots and the isolated fibers found in the pictures bear a 
close resemblance to those observed in uninhibited clotting mixtures. Such 
strands are well shown in the pictures of Porter and Hawn (8), who inter- 
rupted clotting at various stages by the addition of stain. Their fibers, 
which they call unit fibers, have widths of 500 to 1500 A and lengths equai 
to 10 to 20 times the width. The asymmetry, then, is less than in the units 
seen in the present study. Porter and Hawn point out that their unit 
fibers maintain their integrity, joining laterally in various ways to form 
compound fibers. They also note background units very similar to our 
fibrils. Our studies show that, at least in fibers formed in inhibited mix- 
tures, the fibrils maintain their integrity as well. 

In general, then, the polymerization process seems to be quite similar in 
the presence or absence of inhibitor, except that in the later stages the 
uninhibited system may show a greater tendency toward lateral association 
of fibrils. 

It should also be noted that none of the strands in our pictures, whether 
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of shadowed or unshadowed preparation, shows the striations which have 
been generally found characteristic of fibrin (8-10). This is in agreement 
with the findings of Hall (10) that striations are absent in strands with 
thickness of 200 A or less, and that they are absent from all strands when 
clotting takes place slowly. Our pictures add further evidence that the 
rod-like fibrinogen molecules are aligned longitudinally along the strands, 


We wish to express our gratitude to Professor John D. Ferry for his 
constant interest in this work and for providing many of the facilities for 
its performance. 


SUMMARY 


1. Direct observation by means of the electron microscope has confirmed 
the previous deductions from light scattering and other studies to the effect 
that an intermediate polymer is formed in hexamethylene glycol-inhibited 
mixtures of fibrinogen and thrombin and that this polymer gradually dis- 

sociates on extensive dilution of the system. 

2. More advanced stages in the polymerization process have been de- 
scribed. 

3. Parallels have been drawn between clotting in the presence or absence 
of inhibitor. 
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EXPLANATION OF PLATE l 


Fic. 1. Inhibited clotting mixture prepared immediately after dilution, X 35,000. 
Fic. 2. Inhibited clotting mixture prepared immediately after dilution, X 35,000. 
Fic. 3. Inhibited clotting mixture prepared immediately after dilution, X 50,000. 
Fic. 4. Inhibited clotting mixture prepared several hours after dilution, X 50,000. 
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ASTUDY OF THE ROLE OF FLAVIN-ADENINE DINUCLEOTIDE 
IN RAT LIVER CHOLINE OXIDASE* 


By K. EBISUZAKI anp J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, August 1, 1952) 


Since 1933, when Bernheim and Bernheim (1) first demonstrated the 
presence of choline oxidase in animal tissues, a great deal of work has been 
carried out to study this enzyme in detail. Most of the salient points of 
the work done before 1946 have been outlined by McShan in his review of 
dehydrogenases (2). Since that time folic acid and its related metabolite, 
the Leuconostoc citrovorum factor, have been implicated in the choline oxi- 
dase system (3-6). Recently a heat-stable cofactor (or factors) from mito- 
chondria has been shown to stimulate the system (7), and the involvement 
of adenosinetriphosphate in the system has been indicated (8). The chol- 
ine oxidase system has been shown to be located mainly in the mitochondria 
of rat liver (9-11). Except for the fact that the enzyme appears to be 
linked to the cytochrome c-cytochrome oxidase system, very little is known 
about the specific hydrogen transport system of the enzyme. .Recently, 
the Slater factor, which is believed to be a component of the hydrogen 
transport system for succinoxidase and which appears to act between 
cytochrome b and cytochrome c (12), has been implicated in the hydrogen 
transport system of choline oxidase.!. In a recent report Kelley (13) has 
reported the possible involvement of a flavin component in the choline 
oxidase system. This view was suggested from the observation that the 
addition of excess riboflavin to the diet of rats increased the liver choline 
oxidase activity. In unpublished work from this laboratory, the authors 
have observed that riboflavin-deficient rats exhibit a decreased choline 
oxidase activity which can be partially reversed by the addition of flavin- 
adenine dinucleotide (FAD) in vitro. These studies, which will be re- 
ported in the present paper, have been extended to compare the effects of 
FAD and flavin mononucleotide (FMN) and to attempt to localize the 
flavin enzyme in the chain of the electron transport system involved in 
choline oxidation. 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Nutrition Foundation, 
Inc., New York. 

1 Ebisuzaki, K., and Williams, J. N., Jr., unpublished data. 
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EXPERIMENTAL 


Male, weanling rats of the Sprague-Dawley strain were used as experi- 
mental animals. They were divided into groups, one receiving a normal 
basal ration and the other a similar ration except that riboflavin was 
omitted. The basal ration was prepared as follows: Labco casein 18, 
methionine 0.2, vitamin mix (14) 2, Salts IV (15) 4, corn oil 5, and sucrose 
100 per cent. 2 drops of fortified haliver oil were given to each animal 
weekly by mouth. The animals fed the deficient ration ceased growing 
after 2 or 3 weeks, and after about 2 months they exhibited marked defi- 
ciency symptoms. With the appearance of these symptoms, the animals 
were sacrificed for the enzyme experiments. 

The first series of experiments was designed to compare the choline 
oxidase activity of normal and riboflavin-deficient animals. In addition, 
FAD was added to study the effects of this substance on the liver choline 
oxidase activity of the two groups of animals. 

After the animals were sacrificed by decapitation, the livers were re- 
moved, chilled, and homogenized in 5 parts of 0.25 mM sucrose. The homog- 
enate was centrifuged at 25,000 X g for 30 minutes. The supernatant was 
discarded and the residue was suspended in 5 ml. of 0.039 m sodium pota 
sium phosphate buffer (pH 7.3) per gm. of original liver. The centrifuga- 
tion was carried out to minimize errors due to the oxidation of endogenous 
substrates. The residue also contains the mitochondria which have already 
been shown to contain the bulk of the choline oxidase activity of liver (9). 
The resuspended liver residue was strained through gauze and 1 ml. of this 
preparation was pipetted into prepared Warburg flasks with double side 
arms. The first side arm of the flask contained 0, 5, 10, or 20 y of FAD’ 
and the total volume was brought to 0.5 ml. with water. The second side 
arm contained 0.5 ml. of 4 per cent choline chloride or 0.5 ml. of water in 
alternate flasks. After a 10 minute temperature equilibration period at 
37°, the contents of the first side arm were added and incubated for 5 
minutes. Then the contents of the second side arm were added and the 
oxygen uptakes were recorded for 10 minutes. 


Results 


The results of these experiments are shown in Fig. 1. It can be seen 
that increasing FAD concentration gives a marked increase in choline 
oxidase activity in the enzyme preparations from the riboflavin-deficient 
animals. Addition of FAD to the enzyme preparations of normal animals 
has a slight but relatively insignificant effect on the choline oxidase activ- 
ity. It should also be noted that the liver choline oxidase activity of 


2 Prepared according to a method of Dr. D. R. Sanadi, F. M. Huennekens, and 
E. Dimant, Enzyme Institute, Madison, Wisconsin. 
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riboflavin-deficient animals in the absence of FAD is much lower than that 
of the normal animals. ‘The second series of experiments was designed to 
test whether FMN is as effective as FAD in increasing the choline oxidase 
activity of riboflavin-deficient animals. In these experiments the second 
preliminary incubation period was omitted to minimize the possibility of 
FAD synthesis from FMN. Flasks with single side arms were employed. 
The side arm contained 10 y of FAD or 5.8 y of FMN? (equimolar to 10 y 
of FAD) or water. Alternate flasks contained 0.5 ml. of 4 per cent choline 
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OXIDATION OF CHOLINE (UL.O5) 
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MICROGRAMS OF FAD 
Fic. 1. The effect of the addition of FAD in vitro on the liver choline oxidase 
activity of normal and riboflavin-deficient rats. Curve 1, liver residue suspensions 
from normal control rats; Curve 2, liver residue suspensions from riboflavin-deficient 
rats. Reaction time, 10 minutes. Each curve is the average of four separate experi- 
ments. | 
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chloride or water. The volume of the side arm was brought tol ml. The 
enzyme preparations from both normal and deficient groups of animals were 
prepared in the same way as in the first experiments and 1 ml. of these 
suspensions was pipetted into the main compartment of the flasks. After 
a 10 minute temperature equilibration period, the contents of the side arm 
were added to the enzyme preparation and oxygen uptake was recorded for 
20 minutes. 

In Table I are presented the results of these studies. Here again FAD 
increases the choline oxidase activity of the enzyme preparations from 
deficient animals but has little effect on the liver choline oxidase activity of 
the normal animals. On the other hand, FMN has little effect on the 


>The authors wish to thank Dr. H. R. Mahler for a sample of FMN. 
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activity of the riboflavin-deficient animals, while it appears to inhibit the 
activity of the normal animals to some extent. 

The third group of experiments was designed to localize the flavin enzyme 
in the chain of electron transport involving choline oxidation. It has been 
reported (16) that the hydrogen transfer system of choline oxidase involves 
the cytochrome c-cytochrome oxidase system. Recently we have demon- 
strated that the Slater factor (12), which is believed to be a hydrogen 
transfer component between cytochrome b and cytochrome c, is also in- 
volved in the choline oxidase system.' In the present studies we wished to 
localize as far as possible the FAD component reported in these experiments 
to be involved in the oxidation of choline. Since antimycin A, an anti- 
biotic, has been observed by Potter and Reif (17) to block the Slater factor, 


TABLE I 
Comparison of Effects of FAD and FMN Added in Vitro on Choline Oxidase Activity 
of Normal and Riboflavin-Deficitent Rats 
The values are given in microliters of O2 per 20 minutes per flask. Iach figure 
is the average: of four separate experiments. 


Choline oxidation 


Addition | 


Normal animals 


5.8 y (164-189) 70 (62-81) 


x “Rane. 
} These levels are equimolar. 


and since quinine (18, 19) has been shown to inhibit the utilization of FAD 
by D amino acid oxidase, we have used these two inhibitors to attempt to 
localize the FAD component in the choline oxidase system. For this pur- 
pose, anaerobic experiments were conducted with ferricyanide as an electron 
acceptor and by measuring the carbon dioxide displaced from a bicarbonate 
buffer. In these experiments livers of normal animals fed a good stock 
ration were used as a source of the enzyme. Mitochondrial suspensions 
were prepared as previously outlined by Williams (9) and 0.5 ml. of this 
preparation was pipetted into the center well of prepared Warburg flasks. 
The center well also contained 0.6 ml. of Krebs-Ringer bicarbonate buffer 
(20). Flasks with double side arms were employed for these experiments. 
The first side arm contained 3 uM of neutralized quinine sulfate (Winthrop- 
Stearns Inc.) or water, and the total volume was made to 1 ml. with water. 
In the second side arm were added 100 um of potassium ferricyanide and 
0.5 ml. of choline chloride or water. The total volume of this side arm was 
also made to 1.0 ml. with water. The flasks were flushed with 95 per cent 
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nitrogen and 5 per cent carbon dioxide for 10 minutes. After a 10 minute 
temperature equilibration period, the contents of the first side arm were 
added to the enzyme preparation, which was followed by a further 10 
minute incubation period. The contents of the second side arm were then 
added and the carbon dioxide evolution was measured at 10 minute inter- 
vals. 

The results of four separate experiments of this type indicated that the 
choline dehydrogenase activity was completely abolished with 3 um of 
quinine sulfate, as shown in Table II. 

A similar experiment was carried out by using 1 y of antimycin A in 0.1 
ml. of 50 per cent ethyl alcohol and 0.1 ml. of 50 per cent ethyl alcohol in 
place of the quinine sulfate and water, respectively, in the first side arm. 
Otherwise the constituents and conditions were the same as in the preceding 
experiments. The results of these experiments, also reported in Table II, 


| TABLeE II 
Partial Localization of FAD-Activated Component of Choline Oxidase 
The values are given in microliters of CO, per hour per flask. 


Substance added Choline dehydrogenase activity* 
Water control for quinine sulfate..................... | 223 
Aleohol control for antimycin A...................... | 151 


* Each figure is the average of four separate experiments. 


indicate that, anaerobically, antimycin A does not inhibit choline dehydro- 
genase significantly. Under aerobic conditions, however, | y of antimycin 
A completely inhibits the activity of the enzyme.' 

Since the antimycin A-blocked factor may be by-passed in the anaerobic 
ferricyanide system and since quinine completely inhibits the dehydrogen- 
ase activity of the same system, it appears that the FAD-requiring com- 
ponent of the choline oxidase system functions in the hydrogen transport 
system prior to the Slater component. Since the Slater factor is believed 
to function before cytochrome c, the FAD enzyme, by inference, must also 
function prior to that component. Whether FAD is the coenzyme of the 
first enzyme involved in choline dehydrogenation or a subsequent enzyme 
before cytochrome c in the hydrogen transport system will best be shown 
when the separate enzyme components have been isolated and studied. 
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A COLORIMETRIC ASSAY FOR XANTHINE OXIDASE IN RAT 
LIVER HOMOGENATES* 
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C. A. ELVEHJEM 
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Wisconsin, Madison, Wisconsin) 


(Received for publication, August 7, 1952) 


In studying the oxidation of xanthine manometrically by using liver 
homogenate systems (1), certain irregularities in the method have become 
evident to the authors. Occasionally an oxygen consumption has been 
observed after 2 to 3 hours of incubation which is greatly in excess of the 
theoretical requirement for the complete oxidation of the xanthine sub- 
strate. In certain experiments the measurements have to be continued 
this long or longer because of low xanthine oxidase activity in some animals. 
This excess oxygen uptake has been found to be inhibited by aureomycin 
and toluene, indicating that bacterial growth in the system may be the 
cause of this effect. In many experiments a large endogenous respiration 
is often encountered which entails extensive incubation of the homogenate 
system before linear oxidation of the xanthine substrate is attained. Fur- 
thermore, such manometric data are generally difficult or impossible to 
interpret. In addition, a more direct chemical method would negate errors 
in the results which often attend a high endogenous respiration. For these 
reasons, it appeared important to develop a simpler and more direct assay 
for liver xanthine oxidase which would overcome the effects of these varia- 
tions in the manometric technique. 

Assays for xanthine oxidase in homogenate systems have involved several 
criteria. Axelrod and Elvehjem (1) have described the manometric method 
for the oxidation of xanthine in the Warburg respirometer at 37°. Figge 
and Strong (2) have employed methylene blue as hydrogen acceptor in the 
Thunberg method, after dialysis, which ir essentially a modification of the 
assay used by Green and Dixon (3). Van Meter and Oleson (4) have used 
2-amino-4-hydroxy-6-pteridinecarboxaldehyde to inhibit xanthine oxidase 
in the endogenous respiration. Kalkar (5) has employed the spectropho- 
tometric determination of the enzymatic oxidation of hypoxanthine or 
xanthine to uric acid which results in a marked increase in the absorption 


* Published with the approval of the director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the National Live Stock 
and Meat Board, Chicago, Illinois, and from funds supplied by a contract between 
the Office of Naval Research, Washington, D. C., and the Regents of the Univer- 
sity of Wisconsin. 
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at 290 mu. Measurement of the product appearance (in this case, uric 
acid) is not well suited to rat liver because of the presence of uricase. 
Schneider and Hogeboom (6), however, have used this technique in study- 
ing fractions of liver tissue by inhibiting the uricase system with cyanide. 

In addition to a number of substances such as oxygen, dyes, and nitrate 
which can act as hydrogen acceptors for xanthine oxidase (7), Horecker and 
Heppel (8) have demonstrated the reduction of cytochrome c by this system 
and they have used this effect in following the purification of the enzyme 
from raw cream. 

Measurement of the disappearance of the substrate, xanthine, appeared 
to be the most desirable method for measuring xanthine oxidase activity in 
homogenate systems for several reasons: (a) the presence of uricase com- 
plicates the measurement of uric acid formation, (b) a large endogenous 
respiration often encountered in the manometric method would not intro- 
duce errors in the results, (c) the development of a color reaction, to be 
described, results in a rapid and accurate analysis, and (d) a comparatively 
simple apparatus is needed for the determination. 


EXPERIMENTAL 


A colorimetric method for xanthine and guanine in urine has been devel- 
oped by Williams (9) involving the precipitation of the purine bases as 
their copper salts. The method to be described here involves precipitation 
of the proteins in aliquots of the incubating homogenate system at regular 
time intervals with sodium tungstate and sulfuric acid. After centrifuga- 
tion, samples are taken from the supernatant for colorimetric analysis of 
the xanthine remaining. 

Reagents— 

40 per cent solution of sodium tungstate. 

2 N sulfuric acid. 

Folin phenol reagent with lithium sulfate, diluted 1:1 with water (10). 

Saturated sodium carbonate solution. 

Standard xanthine solution containing 47.3 y of xanthine per ml. (1 to 
125 dilution of the 0.038 mM xanthine solution used as substrate in the 
enzyme assay). 

Procedure—The animals which were used for the assay were stunned by 
a blow on the head, decapitated, and exsanguinated. The livers were 
removed and placed immediately into cracked ice. After several minutes 
of chilling, the livers were blotted and weighed. The weighed portions 
were homogenized with a Potter-Elvehjem homogenizer (11) in 5 volumes 
of 0.039 m sodium-potassium phosphate buffer (pH 7.4) (1) and strained 
through gauze. 5 ml. of the homogenate were pipetted into each of two 
50 ml. Erlenmeyer flasks which were attached to a shaker apparatus and 
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immersed in a water bath at 37°. After a 40 minute incubation period, 
0.3 ml. of buffer and 0.6 ml. of water or xanthine solution (0.038 m xanthine 
brought into solution by the addition of dilute alkali and gentle heating) 
were added. The same equivalent system (1) was used in the manometric 
determination when comparisons were made with the colorimetric method. 

The flasks were placed in the bath and shaken for 40 minutes. At this 
time the indicated amounts of xanthine or water were added to the test 
and control flasks, respectively. 1 ml. aliquots were removed immediately 
after mixing and used for the zero time reading. The flasks were then 
allowed to shake and 1 ml. samples were removed every 30 minutes for a 
total of 120 minutes. Occasionally, for homogenates with low activity, 
the aliquots were taken at | hour intervals for a total of 240 minutes. 
The aliquots from the systems were pipetted directly into 10 ml. vol- 
umetric flasks containing | ml. of 40 per cent sodium tungstate, 5 ml. of 
water, and 1 ml. of 2 Nn sulfurie acid. After the addition of the aliquot 
from the system, the flasks were brought to the 10 ml. volume, emptied, 
and washed with 2 ml. of water and the proteins centrifuged. After 
centrifugation, a 0.5 ml. aliquot was removed from the clear supernatant. 
To this, 2.5 ml. of water were added, followed by 1 ml. of the diluted 
Folin-Ciocalteu reagent. The color was developed by the addition of 5 
ml. of saturated sodium carbonate solution. A reagent blank was used 
which consisted of the following: 1 ml. of 40 per cent sodium tungstate, 
5 ml. of water, 1 ml. of 2 N sulfuric acid, and 5 ml. of water. From this 
mixture 0.5 ml. was taken and mixed with 2.5 ml. of water, 1 ml. of the 
Folin-Ciocalteu reagent, and 5 ml. of saturated sodium carbonate. The 
color intensity was then determined with a 660 mu filter in an Evelyn 
colorimeter. 

The standard curve was set up over a range of from 9.46 to 94.6 y of 
xanthine. The color development was carried out in the same manner as 
before. The values obtained from the standard curve for the control were 
subtracted from those obtained from the test flask to which xanthine had 
been added. A plot was made of the resulting data in which the ordinate 
was the xanthine remaining in the system (for 1 ml. of aliquot of the 
system multiplied by a dilution factor of 48 which was then equivalent to 
a2 ml. system containing 1.7 ml. of homogenate or 0.284 gm. of liver) and 
the abscissa, the time of incubation in minutes. This calculation was made 
to place the data for the colorimetric method on the same basis as the 
manometric method of Axelrod and Elvehjem for a direct comparison of 
the two methods. The enzyme activity was calculated from change in 
xanthine concentration over a period of 1 hour on the curve. This value 
represented the micrograms of xanthine disappearing per hour per 0.284 
gm. of liver. This value was then divided by 0.284 and the micrograms 
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of xanthine disappearing per hour converted to micromoles with the result- 
ing enzyme unit being micromoles of xanthine disappearance per hour per 
gm. of liver. 


RESULTS AND DISCUSSION 


The manometric assay of Axelrod and Elvehjem (1) for xanthine oxidase 
has been used quite extensively in our laboratory and the authors thought 
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Fic. 1. Correlation of manometric and colorimetric measurements of xanthine 
oxidase in normal rat liver. Curve A, xanthine disappearance by colorimetric 
measurement. Activity equals 13.7 um of xanthine disappearance per hour per gm. 
of liver. Curve B, oxygen consumption by the manometric method. Activity 
equals 11.5 um of O2 per hour per gm. of liver. Both the curves were obtained si- 
multaneously from the same rat liver homogenate. 


it advisable to investigate the correlation between the manometric and 
colorimetric techniques. 

In Fig. 1 the results of the colorimetric and manometric methods for the 
activity of a normal rat liver are presented. Here the activity as measured 
manometrically was found to be 11.5 wm of oxygen uptake per hour per 
gm. of liver compared with 13.7 um of xanthine disappearance per hour per 
gm. of liver. Theoretically the two values should be the same, since 1 
mole of oxygen is consumed per mole of xanthine oxidized to allantoin. A 
series of similar experiments has been made and the calculated results are 
shown in Table I. In almost every case the rate of xanthine disappearance 
is slightly greater than the rate of oxygen uptake. The most likely ex- 
planation for this deviation was that the alkalinity of the xanthine sub- 
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strate may have shifted the pH in the test system to the point where the 
final pH in the test and control systems was different. This shift in pH 
could affect the oxidation of endogenous substrates in the homogenate 
system. The recovery values for added xanthine shown in Table I were 


TABLE I 


Correlation between Manometric and Colorimetric Procedures for Assay of Xanthine 
Oxidase in Livers of Normal Rats and Rats Depleted of Xanthine 
Oxidase Activity by Dietary Means 


The values are given in micromoles per hour per gm. of liver. 


Animals Rat No. | Oxygen uptake | PR | at 
per cent 
Normal 1 10.0 14.0 102 
2 11.5 13.7 91 
3 14.1 13.8 96 
4 9.5 12.5 113 
5 11.7 13.5 96 
6 20.8 16.2 119 
7 11.0 12.8 89 
8 10.0 14.7 109 
9 7.0 7.8 89 
10 4.4 7.9 104 
11 12.4 22.0 102 
12 14.8 18.9 100 
13 14.1 100 
14 16.3 101 
11.5 | 14.1 | 101 
Depleted 1 5.6 | 4.4 
2 4.8 0.0 
3 0.0 | 1.9 
4 0.0 | 2.2 
2.6 | 2.1 | 


determined from the zero time concentration as measured colorimetrically, 
compared to the amount of substrate actually added to the system. 

It has often been observed in this laboratory that the manometric method 
yielded data which were difficult to interpret, especially in cases in which 
the animals being assayed were partially depleted of their xanthine oxidase 
activity by dietary means (12-16). It has been reported (12) that essen- 
tially ‘‘zero” xanthine oxidase activities have been obtained after 5 days 
on a non-protein ration. In the present studies a comparison of the xan- 
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thine oxidase activities determined by the colorimetric method and by the 
manometric method for such depleted animals has been made. These 
results are also presented in Table I. 

An experiment which demonstrates a marked advantage of the colori- 
metric method over the manometric technique is given in Fig. 2. In 
several routine assays of xanthine oxidase in this laboratory, apparently 
excessive xanthine oxidase activity has been occasionally seen after long 
incubation periods. The activity, which suddenly increased after about 
480 minutes (Curve B, Fig. 2), corresponded to an oxygen consumption 
for the oxidation of xanthine which was more than 2 times the theoretical 
requirement for complete oxidation of the xanthine substrate. In Curve 
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Fic. 2. One of a group of anomalous experiments in which the apparent xanthine 
oxidase activity suddenly increased after 300 minutes in the manometric method. 


The colorimetric method was run simultaneously. Curve A, xanthine disappearance 
by colorimetric method; Curve B, oxygen consumption by manometric technique. 


A, which represents the enzyme activity measured colorimetrically, it can 
readily be seen that this excessive oxidation as measured manometrically 
was not due to xanthine oxidation. It was concluded that bacterial con- 
tamination had occurred which gave rise to the added oxygen uptake. 
This suggestion was confirmed when the excessive respiration was found to 
be sensitive to aureomycin and toluene. 

Since preparations of rat liver would normally contain other purines, it 
seemed essential to test the effects of other purines upon this method. 
Uric acid and guanine are known to give the same color reaction as xanthine 
with the Folin reagent. Uric acid, adenine, and guanine were used in these 
studies. In separate experiments, each purine was added to the system 
at the same time as the xanthine substrate and in equimolar concentration. 
Typical experiments are shown in Fig. 3. In each case in which color was 
developed due to the presence of the added purine, its effect was compen- 
sated for by the blank. It can be readily observed that the enzyme activity 
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for the system containing the added purine correlated very well with its 
control, and this finding has been confirmed by manometric experiments. 
The average of the recoveries:for these colorimetric determinations was 96 
per cent. While the addition of uric acid and guanine to the system 
brought about an additional color reaction, it was compensated for in the 
blank. 

The last experiment in Fig. 3 shows another test of the accuracy of the 
colorimetric method. The inhibition of xanthine oxidase by 2-amino-4- 
hydroxy-6-pteridinecarboxaldehyde! is known to inhibit completely the 
enzyme at a level of 100th the concentration of the xanthine substrate in 
the system as indicated by Van Meter and Oleson (4) and Petering and 
Schmitt (17). In this experiment total inhibition of the enzyme activity 
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Fic. 3. Effeets of added purines and the inhibitor 2-amino-4-hydroxy -6-pteridine- 
carboxaldehyde upon xanthine oxidase activity as determined by the colorimetric 
method. O, control; @, reagent added. The calculated activities for the xanthine 
disappearing, in micromoles per hour per gm. of liver, are as follows: for uric acid, 
control, 14.1, plus reagent, 13.5; for adenine, control, 13.7, plus reagent, 13.5; for 
guanine, control, 18.9, plus reagent, 18.9; for 2-amino-4-hydroxy-6-pteridinecarbox- 
aldehyde, control, 13.0, plus reagent, 0.0. 


was observed with the colorimetric method, and the recovery at zero time 
was 97 per cent. This observation is in excellent agreement with mano- 
metric measurements which also showed complete inhibition. 

It is assumed that this method may be adapted for other tissues and 
other systems, purified as well as homogenate systems which involve the 
measurement of xanthine oxidase activity. 


SUMMARY 


1. A colorimetric method for assaying xanthine oxidase activity based 
on detection of substrate disappearance has been devised. This method 
has been compared with the manometric method. Average recovery values 
of added xanthine are 101 per cent. 


'The authors wish to thank Dr. J. C. Van Meter of the Lederle Laboratories 
Division, American Cyanamid Company, Pearl River, New York, for a sample of 
the inhibitor. 
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2. The depletion of liver xanthine oxidase by dietary means has beey 
confirmed by this method and correlated with the manometric method. 

3. The effects of other purines and the inhibitor, 2-amino-4-hydroxy-(- 
pteridinecarboxaldehyde, have been studied. The latter substance inhib- 
ited xanthine oxidase activity 100 per cent at the concentration used as 
measured by both the colorimetric and the manometric methods. 
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The present paper describes the main characteristics of natural enter- 
amine as well as a procedure for its isolation. In another paper the prepa- 
ration and the characteristics of synthetic enteramine have been considered 
(1). 

Vertebrates and some groups of invertebrates possess a particular system 
of cells, known as the enterochromaffin cell system, which contains specific 
granules characterized by several well defined and distinctive chemical and 
physicochemical features (chromafhnity, argentaffinity, fluorescence in 
Wood’s light, ability to couple with diazonium salts, and fixation by formol- 
containing histological fixatives). The cells of this system may be dis- 
tributed within the gastrointestinal mucosa (2-4) or skin (or both) (5) or 
else massed in well defined glandular formations (6-9). The specific secre- 
tion or storage product of the enterochromaffin system has been termed en- 
teramine (10, 11). A number of color tests and biological reactions suitable 
for the detection and quantitative determination of this substance have 
been described (12-14). The pharmacological effects exerted by enter- 
amine are (a) a powerful stimulating action on the estrous uterus and the 
duodenum of the rat, the small intestine of the rabbit, the urinary bladder 
of the dog, both isolated and in situ, and the heart of mollusks (15); (b) a 
moderate action on the systemic blood pressure, which may be hypotensive, 
hypertensive, or biphasic, according to the animal species, the dose, and 
the state of the circulatory system (16); (c) an intense antidiuretic action, 
especially evident in hydrated rats. Diuresis may be reduced in these 
animals even after a subcutaneous injection of as little as 5 y of enteramine 
per kilo of body weight. This dose is at least 50 to 100 times smaller than 
that needed to affect the systemic blood pressure and at least 10,000 times 
smaller than the median lethal dose by the subcutaneous route. Further- 
more, enteramine acts selectively on the contractile structures of the affer- 
ent vascular bed of the glomerulus, causing an increase in tonus, or spasm 
(17). With high single doses or with repeated doses, the vascular spasm 
leads to a severe and lasting ischemia, resulting in more or less extensive 
degeneration and necrosis of large sections of the cortex of the kidney.' 


'Erspamer, V., and Rizzi, I., to be published. 
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By means of paper chromatography (14), and partly by direct chemica| 
isolation, evidence has been adduced that enteramine represents a single 
and chemically well defined entity in all its localizations. 

Among the tissues and organs which proved especially rich in enteramine, 
two, because of their ready availability, appeared to be particularly suitable 
as starting materials for the isolation of the substance: the posterior sali- 
vary glands of Octopus vulgaris, a common native polyp (18), and the skin 
of Discoglossus pictus, an amphibian of Sicily and Sardinia (19). 


EXPERIMENTAL 
Isolation of Octopus Enteramine 


In the course of our study of the posterior salivary glands of octopods 
(which was directed at the isolation not only of enteramine but also of 
other pharmacologically active substances, such as tyramine, octopamine, 
and eledoisine (18, 20)), about 30 kilos of fresh salivary tissue of Octopus 
vulgaris, obtained from more than 30,000 animals, were worked up. 

The glands were removed 3 to 5 hours after death and immediately 
immersed in 3 parts (weight by volume) of acetone. The supernatant 
liquid was decanted after 48 hours, and the glands were extracted for 
another 24 hours with | to 2 parts of the solvent. The acetone extracts, 
yellow or slightly yellow-brown in color, were combined and filtered. Kept 
in dark bottles and refrigerated, they may be stored for months without 
appreciable loss of biological activity. On evaporation they left a dry 
residue whose weight corresponded to 4.5 per cent of that of the fresh 
tissue. It was found that 21 to 22 per cent of this residue consists of 
petroleum ether-soluble products, 14 to 17 per cent of inorganic salts, and 
10 to 12 per cent of crude taurine. After repeated recrystallization from 
water + acetone, tetragonal needles were obtained; m.p. 326-329° with 
decomposition, mixed m.p. with pure taurine 325-328°; C.H;NSOs, cal- 
culated, C 19.19, H 5.63, N 11.18, S 25.62 per cent; found, C 19.22, H 
5.60, N 11.12, S 25.56. The remainder is for the most part accounted 
for by amino acids, glycocoll-betaine (isolated as the hydrochloride, plate- 
lets, m.p. 227-228° with decomposition; calculated, C 
39.09, H 7.87, N 9.12, Cl 23.09; found, C 39.07, H 7.86, N 8.94, Cl 22.96), 
tyramine (about 1 per cent), octopamine (about 1.5 per cent), and enter- 
amine (about 1 to 2 per cent). 

In a typical experiment 4 to 5 liters of acetone extract, corresponding to 
1000 gm. of fresh salivary tissue, were freed from most of the acetone by 
distillation at a temperature of 40-45°, and the remaining aqueous liquid 
was extracted repeatedly with petroleum ether in order to remove fats. 
The distillation was then continued until the volume was about 300 ml. 
The resulting light brown, turbid liquid (pH about 5) was extracted for 48 
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hours with peroxide-free ethyl ether in a Palkin automatic extraction ap- 
paratus. ‘The aqueous phase became perfectly clear. The liquid was 
saturated with solid sodium carbonate, the extractor tube immersed in a 
boiling water bath for 3 to 5 minutes (in order to transform inactive I- 
enteramine into active A-enteramine (21)), and the liquid again extracted 
with peroxide-free ether after ether containing 1 to 2 per cent picric acid 
had been placed in the extraction flask. 

The extraction of the basic materials, as shown by the formation of 
brick-red picrates adhering to the walls of the extraction flask, was generally 
complete after 24 hours. The picrates were dissolved in a small quantity 
of acetone (10 to 20 ml.). Hot water was then gradually added to incipient 
turbidity. On cooling and standing at room temperature, a brownish 
viscous oil deposited (picrate a), but after some time some brick-red crys- 
tals made their appearance. At this point the supernatant was decanted 
and crystallization allowed to proceed. After standing overnight at room 
temperature, the crystals were collected (picrate b). The filtrate, on stand- 
ing for 2 to 4 days in the refrigerator, yielded another copious crop of 
erystals (picrate ¢). 

All of the fractionation steps described above. were followed by paper 
chromatographic examination and pharmacological assay (estrous uterus of 
the rat) of the various fractions. n-Butanol saturated with 1 n HC] was 
the solvent generally used in the chromatography; the diazonium salt of p- 
nitroaniline in alkaline medium was the spraying reagent. Paper chroma- 
tography showed that picrate a consisted exclusively of alteration products 
of enteramine, with prevailingly low Ry values, that picrate b was essen- 
tially enteramine picrate, contaminated by traces of tyramine picrate and 
another enteramine derivative, and that picrate c contained small amounts 
of enteramine and octopamine and large amounts of tyramine. Picrates } 
and ¢ were recrystallized three to four times from water and a small amount 
of acetone, until products with a constant melting point, which proved to 
be pure chromatographically, were obtained. The yields of pure enter- 
amine picrate were small, owing to the very high losses during the recrystal- 
lizations. From three aliquots of extract, each corresponding to 1000 gm. 
of fresh tissue, 70, 90, and 155 mg., respectively, of pure enteramine picrate 
were obtained. 


Isolation of Discoglossus Enteramine 


From 1020 specimens of Sicilian Discoglossus (March, 1951), weighing 
16.7 kilos, we obtained 1630 gm. of skin which were extracted with 6 liters 
of acetone. After filtration, 1.98 per cent of the fresh tissue remained as 
dry residue; about 4 to 5 per cent of this residue consisted of enteramine. 
The attempt to isolate enteramine was made on a quantity of extract 
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corresponding to 400 gm. of skin. The procedure followed was identica| 
with that previously described for the salivary extract of Octopus vulgaris, 
except that before the first extraction with ether the aqueous liquid was 
brought to pH 4.5 to 5 with 0.1 n HCl and the second extraction from 
alkaline solution was not preceded by heating in a boiling water bath, since 
inactive I-enteramine is not present in the Discoglossus extract. 

Although tyramine and octopamine do not occur in Discoglossus extracts, 
it proved to be not less difficult to secure from these the enteramine picrate 
in pure form than in the case of the Octopus extracts, since it was con- 
taminated with large amounts of an inactive enteramine derivative identi- 
cal with that present in traces in Octopus vulgaris picrate b and identical 
with Product 222 obtained in the synthesis of enteramine (1). For this 
reason the yield of pure enteramine picrate was again low (103 mg. from 
710 mg. of crude picrate). 


Properties of Enteramine Picrate 


After recrystallization to constant melting point the two picrates derived 
from Octopus vulgaris enteramine (VE) and from Discoglossus enteramine 
(DE) proved to be indistinguishable in regard to the following properties. 

Crystal Shape—Brick-red needles, arranged in tufts or rosettes. 

Melting Point—VE picrate when heated in the capillary at the rate of 2° 
per minute lost its color at about 163°, turned brown at 187°, and melted 
with decomposition at 191—193° (corrected). DE picrate alone or in mix- 
ture with VE picrate behaved in the same manner, except that the decom- 
position point was slightly lower (190—192°). 

Ultraviolet Absorption Spectrum—The spectrum of an aqueous solution of 
the hydrochloride, adjusted to pH 5.3, showed a high maximum at 2750 
A, a shoulder indicative of a second maximum at 2930 A, and a minimum 
at 2475 A. Alkalization to pH 11.9 resulted in a shift of the subsidiary 
maximum to 3320 A and a marked increase in the extinction below 2700 A, 
indicative of the emergence of a third maximum in the far ultraviolet 
region. 


C oH sO2N2-CeH;O7N3. Calculated. C 45.39, H 4.05, N 16.55 
VE picrate. Found. ‘© 45.26, “ 4.11, “ 16.63 
DE ** 45.58, 4.14, 16.42 


Chromatographic Behavior—Both picrates were converted into the hydro- 
chlorides by treating 6 mg. samples for a few minutes with 0.5 ml. of 0.5 
nN HCl at 100°, whereupon 1.0 ml. of acetone was added, to each solution. 
Aliquots of 0.01 ml., corresponding to 40 y, were applied to Whatman No. 
1 paper and subjected to ascending chromatography in the following solvent 
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systems: (1) n-butanol saturated with water; (2) n-butanol saturated with 
tn HCl; (3) 8 volumes of n-butanol + 3 volumes of 25 per cent aqueous 
methylamine. The chromatograms were developed by spraying the strips 
with an aqueous solution of p-nitrodiazonium chloride and then exposing 
them to ammonia vapors. Both VE and DE showed the following R- 
values: 0.07, 0.15, and 0.51 in systems (1), (2), and (3) respectively. 

Pharmacological Effects—The two picrates elicited qualitatively and quan- 
titatively identical responses in the following tests: estrous uterus and 
duodenum of the rat, urinary bladder of the dog, heart of mollusks, diuresis 
of hydrated rats, blood pressure of dogs, cats, and rabbits, and nictitating 
membrane of the cat. 


DISCUSSION 


As described above, we have succeeded in isolating the biogenic amine 
enteramine in the form of a pure picrate from the salivary glands of Octopus 
vulgaris and from the skin of the amphibian Discoglossus pictus. The two 
picrates proved to be identical in every respect. Decisive evidence has 
thus been adduced that the various histochemical and physiological proper- 
ties ascribed to enteramine are embodied in a single well defined chemical 
entity which is widely distributed in the animal kingdom and localized in 
chromaffin elements of a variety of tissues and organs. Furthermore, it 
follows from the properties of the picrates (m.p., empirical formula, ultra- 
violet absorption spectrum, at pH 5.3 and 11.9) that enteramine is identical 
with serotonin, a vasoconstricting substance isolated in 1949 by Rapport 
(22) from beef serum in the form of a creatinine sulfate complex. The 
data then at hand led Rapport to suggest that serotonin was 5-hydroxy- 
tryptamine, and very recently Hamlin and Fischer (23) and Speeter e¢ ai. 
(24) have substantiated this assignment of structure by their synthesis of 
5-hydroxytryptamine picrate and hydrochloride and of the serotonin cre- 
atinine sulfate complex isolated by Rapport. It is appropriate to state in 
this connection that we had achieved the identification of enteramine as 
5-hydroxytryptamine by synthesis some time before we became aware of 
this work (1). 

As pointed out in the introduction, enteramine represents the specific 
hormone of the enterochromaffin cell system, a product designed to control 
the tonus of the intrarenal vascular bed. 

Serotonin, considered by Rapport and coworkers (25) as a naturally 
occurring pressor and vasoconstrictor substance formed during the clotting 
of blood, is circulating enteramine. A physiological intervention of sero- 
tonin in extrarenal vascular controls does not seem sufficiently proved. 

Taylor, Page, and Corcoran (26) have described the liberation into the 
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blood stream of a vasopressor substance on centripetal stimulation of the 
vagus and the cut sciatic nerve. It appears that this substance has jp 
common with serotonin not only the pressor action, but also the property 
of being inhibited by 1-hydrazinophthalazine (Ciba, No. 5868). 

These authors state that “It may be that serotonin is the type substance 
of a new and important series of pressor compounds, of which the cerebral 
pressor substance is one.”’ 

It now seems that these opinions should be revised in view of the recent 
progress in enteramine research. It would, for example, be advisable, for 
the sake of better differential characterization of the cerebral vasopressor 
hormone, to record the response of the urinary bladder of the dog during 
the centripetal nerve stimulation. 

When an intrarenal point of attack of enteramine is postulated, it is easy 
to deduce that the significance of this substance is beyond the limits of the 
normal kidney physiology, perhaps entering the fields of pathological physi- 
ology and anatomy. We refer to the mechanism of liberation of renin and 
to the genesis of malignant nephrosclerosis and of renal hypertension (in 
preliminary experiments, rats injected with repeated doses of 5-methoxy- 
tryptamine showed a moderate but significant rise of the systemic blood 
pressure). In addition, enteramine may be found useful in appraising 
conditions of the afferent vascular bed of the glomerulus. 

It is possible that enteramine, besides regulating the intrarenal blood 
flow, possesses other functions. At any rate, no hypothesis in regard to bi- 
ological significance of this substance will be complete if it neglects the ob- 
servations we have already collected on the distribution of the enterochro- 
maffin cell system and of enteramine in vertebrates and in invertebrates. 

Enteramine, 5-hydroxytryptamine, is merely the type substance of a 
whole series of highly interesting compounds, the indol- and hydroxyindol- 
alkylamines. 

In addition to the work presented we have compared the action of the 
following products on the diuresis of hydrated rats, the estrous uterus of the 
rat, the urinary bladder of the dog, the blood pressure of the spinal cat, 
and the heart of mollusks: indole, 5-methoxyindole, 8-(indole-3)-acetic acid, 
8-(indole-3)-propionie acid, y-(indole-3)-n-butyrie acid, tryptophan, tryp- 
tophanol, hypophorine, tryptamine, 1-methyltryptamine, N-methyl]trypt- 
amine, NV, N-dimethyltryptamine, 5-methoxytryptamine, bufotenine, bufo- 
tenidine, bufothionine, dehydrobufotenine, and bufoviridine.? 

The results of this investigation will be reported in detail in a future 
communication. However, it is possible at this time to affirm that enter- 
amine, among the substances considered, possesses the strongest and most 
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“physiological” actions on diuresis and on the uterus of the rat and on the 
urinary bladder of the dog. The product which is most akin to it is 
j-methoxytryptamine. 


We are indebted to and wish to thank Dr. F. Canal of the Farmitalia 
Research Laboratories for carrying out the elementary analyses and Dr. 
A. Vercellone of the same laboratories for his assistance. 


SUMMARY 


A procedure for the isolation of the biogenic amine enteramine from 
extracts of posterior salivary glands of Octopus vulgaris and the skin of 
Discoglossus pictus is described. The properties of the crystalline picrates 
obtained from these two sources leave no doubt regarding the identity of 
the respective parent amines. As reported elsewhere (1), enteramine has 
shown by synthesis to be 5-hydroxytryptamine and hence is identical with 
serotonin, the vasoconstricting principle isolated by Rapport (22, 25) from 


beef serum. 
The possible physiological significance and function of enteramine as a 


specific hormonal factor elaborated by the enterochromaffin system are dis- 


cussed. 
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THE OCCURRENCE OF n-TETRACOSANE IN CERTAIN 
NATURAL SOURCES 


By H. A. SCHUETTE, M. HANIF KHAN,* anv 8. W. NICKSICT 


(From the Department of Chemistry, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, August 18, 1952) 


It is generally held that the parattn hydrocarbons occurring in most 
waxes and in many fatty oils contain an odd number of carbon atoms. 
This view apparently stems from the pioneering work of Chibnall and his 
associates on the constitution of plant and insect waxes (1-4). In order 
to explain their findings, Chibnall and Piper (4) suggested a general scheme 
for the biogenesis of waxes, based on the hypothesis that (a) primary alco- 
hols result from the reduction of their corresponding acids, (b) paraffins, 
secondary alcohols, and ketones result from the decarboxylation of acids 
containing 1 carbon atom more than the derivative in question, and (c) 
saturated keto or hydroxy acids arise from unsaturated acids. 

Subsequent investigators have reported, almost without exception, the 
occurrence of hydrocarbons containing only an odd number of carbon 
atoms. Marcelet (5) reported that olive oil contains, among other hydro- 
carbons, three of even number carbon atom content which he named olea- 
tetracosane, oleahexacosane, and oleaoctacosatetraene. However, a sur- 
vey of the pertinent literature reveals an overwhelming majority preference 
for the views expounded by Chibnall and Piper. 

Using the newer techniques of molecular distillation in conjunction with 
chromatography in the study of the chemical constitution of two diverse 
products, ouricuri wax and oat oil, we have succeeded in isolating from 
these sources a paraffin hydrocarbon containing an even number of carbon 
atoms. Our findings, which are based on somewhat different procedures 
than those used by others, if not contradicting the prevailing views on the 
biogenesis of the hydrocarbons in the plant world, at least provide an ex- 
ception to them. 


Isolation of n-Tetracosane 


From Ouricurt Wax—Ouricuri wax, in the form of a coarse powder, was 
| exhaustively extracted with acetone in a Soxhlet extractor. The acetone 
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extract, after removal of the solvent, was in turn extracted with petroleum 
ether (60-68°). A 400 gm. portion of the acetone-petroleum ether-soluble 
fraction of this wax (40 per cent of the crude wax) thus obtained was sub- 
jected to molecular distillation in a centrifugal molecular still, type No. 
CMS-5 (Distillation Products, Inc., Rochester, New York). Six fractions 
were collected within the temperature range 130-250°. The first fraction, 
weighing 45 gm., was collected at 130° and at a pressure of 15 uw. The 
chemical and physical constants for this fraction were as follows: solidifica- 
tion point, 48.2°; acid number, 6.6; saponification number, 10.6; and hy- 
droxyl content, 0.3 per cent. The foregoing data indicate that it was com- 
posed almost entirely of hydrocarbons. 

Column chromatography has been widely used to separate the constitu- 
ents of paraffin mixtures (6-9). IkKuwada and Morimoto (10) in 1937 iso- 
lated pentacosane by chromatography on alumina from petroleum ether 
solution. Schuette and Baldinus (11) used the chromatographic technique 
as the principal tool in the isolation and fractionation of the hydrocarbon 
components of candelilla wax. 

A 20 gm. portion of the first molecular distillate was dissolved in 50 ml. 
of petroleum ether and introduced into a 1.75 X 10 inch column of acti- 
vated alumina (Alcoa, grade F-20). Percolates in 50 ml. portions were 
collected consecutively and evaporated on a steam bath in order to follow 
the progressive elution of the hydrocarbon component. After the first 
appearance of the hydrocarbon in the percolate, twenty-one more 50 ml. 
portions were collected. However, the solid contents of the first six por- 
tions accounted for the bulk of the material placed on the column. 

From Oat Oil—The paraffin hydrocarbon was isolated from oat oil by 
two methods, in one of which the technique of molecular distillation was 
employed while the other was based’ on a saponification-extraction proce- 
dure. In the molecular distillation procedure, oat oil, which was obtained 
by petroleum ether extraction of thoroughly cleaned, ground whole oats 
(yield, 3.0 per cent), was molecularly distilled at a pressure of 15 uw in a 
centrifugal still of the type already described. Fractions were collected at 
intervals of 10° in the range, 110-200°. Free fatty acids were removed 
by extracting an ether solution of each distillate with aqueous alkali solu- 
tion. The acid-free material of each distillate was then dissolved in petro- 
leum ether and passed through a column of activated alumina. From the 
130° fraction there was obtained a colorless, waxy, unadsorbed residue 
whose inertness to the usual characterization reagents and lack of adsorp- 
tion affinity suggested its being a paraffin hydrocarbon. 

Several kilos of oat oil were saponified with alcoholic potassium hydrox- 
ide solution. The unsaponifiable matter was recovered in 2.5 per cent 
yield by ether extraction. It was then taken up in hot petroleum ether, 
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after which the solution was cooled at 0° for several days. The precipitate, 
consisting chiefly of sterols and higher aliphatic alcohols, was then filtered 
off. The soluble portion was transferred to boiling methanol; then the 
solution was chilled as before. The resulting precipitate, amounting to 32 
per cent of the unsaponifiable material, was filtered off, dried, and dissolved 
in petroleum ether. The petroleum ether solution of 1 gm. of methanol- 
insoluble material was filtered through a column of alumina (2.4 & 26 em.). 
The unadsorbed material obtained in this way closely resembled the unad- 
sorbed material obtained from the 130° molecular distillation fraction. 
From each kilo of oat oil there was obtained 0.75 gm. of paraffin hydro- 


carbon. 


Synthesis of n-Tetracosane 


For purposes of comparison, n-tetracosane was prepared in this labora- 
tory by the method described by Piper et al. (3). Lauryl iodide! was re- 
fluxed in the presence of metallic sodium with sulfur-free xylene and the 
hydrocarbon was recovered from the cooled reaction mixture by decanting 
the clear solution, washing it with water, removing the solvent under re- 
duced pressure, and treating the residue with absolute ethanol. The crude 
hydrocarbon in petroleum ether solution was filtered through a column of 
alumina and purified as described in the following section. 


Purification of Hydrocarbons 


The first four of the consecutive major fractions obtained in the chro- 
matography of the ouricuri wax molecular distillate, the synthetic n-tetra- 
cosane, and the paraffin obtained from oat oil were further purified as fol- 
lows. The hydrocarbon was heated with constant stirring at 70—80° with 
about 20 times its volume of concentrated H.SO, for 1 hour. The mixture 
was cooled to room temperature and the acid drained out from under the 
solidified cake of hydrocarbon. Fresh acid was added and the cycle re- 
peated until no discoloration of the hydrocarbon was observed upon heat- 
ing with fresh acid. The cake of hydrocarbon was then repeatedly washed, 
first with cold water and then with hot water, until free of adhering and 
occluded acid. Finally the material was thoroughly dried, dissolved in a 
minimum of petroleum ether which had previously been purified by H.SO, 
treatment, and filtered through a short column of alumina. A 2 X 20 cm. 
column of alumina was adequate for 1 gm. of hydrocarbon. Infra-red 
spectra of the hydrocarbons isolated from natural sources were identical 
with those of the synthetic n-tetracosane. 


1 We are indebted to Robert J. Meyer of this Department for generously donating 
the pure lauryl] iodide used in this work. 
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Chromatographic Tests for Purity and Homogeneity 


The procedure outlined below was adopted as a test for the purity and 
homogeneity of the hydrocarbons. 1 gm. of material was dissolved in 5 
ml. of purified petroleum ether and introduced into a 2 X 96 em. column 
of activated alumina through which the solvent had previously been passed, 
Petroleum ether was passed through the column continuously and the per- 
colates collected in 10 ml. portions until all the material placed on the 
column had been brought down. In this way the four consecutive major 
fractions obtained in the isolation of the paraffin from ouricuri wax were 
distributed in forty fractions as a result of the chromatography on a long 
column of activated alumina. These fractions were examined for melting 
points, transition points, and long crystal spacing. The spacing was deter- 
mined with the aid of a model No. XRD-3 x-ray diffraction unit (General 
Electric Corporation, Milwaukee, Wisconsin).2 With each of the hydro- 
carbon samples in question, no change in melting points, crystal spacings, 
or transition points could be observed between the first and the last por- 
tions of hydrocarbons which passed through the column. Nor could any 
change be observed upon repeated crystallization of the chromatographic 
fractions from petroleum ether-alcohol. The melting point and crystal 
spacing of the hydrocarbons isolated from natural sources were identical 
with the respective properties of the synthetic n-tetracosane (m.p. 51.1- 
51.3°, spacing, A form (Chibnall) 32.6 A). 

When the first and the last fractions of hydrocarbons passing through a 
long column of alumina gave the same melting point and long crystal spac- 
ing, the hydrocarbon specimen was considered pure and homogeneous, for 
it was found that a mixture of hydrocarbons, when passed through such a 
column, although not completely separated, yielded first and last fractions 
which differed appreciably in melting point and crystal spacing values. 
This change was progressively observed by analyzing the fractions at regular 
intervals of collection of the percolates. For example, the paraffin hydro- 
carbons of rye germ oil, when passed through a column as described above, 
gave first and last fractions whose melting points differed by more than 
10°. The paraffin hydrocarbons obtained from the 160° molecular distilla- 
tion fraction of ouricuri wax, after purification as described previously, 
could easily be separated on a column of activated alumina only one-half 
as long as the one used before into fractions whose melting points and crys- 
tal spacings correspond to hydrocarbons or mixtures of hydrocarbons differ- 
ing in melting point by 2.2° and differing in crystal spacing by 2.6 A. 


2A constant correction of 0.17° was found to be necessary for all the readings 
taken with this instrument. This correction was determined by measuring the 
long crystal spacings of a number of long chain compounds of known purity whose 
crystal spacings were recorded in the literature. 
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This corresponds almost to the difference in properties of hydrocarbons or 
mixtures of hydrocarbons which differ in average chain length by 1 carbon 
atom. Since the synthetic n-tetracosane, the paraffin obtained from oat 
oil, and the paraffin obtained from the 130° fraction of the molecular dis- 
tillation of the acetone-petroleum ether-soluble portion of ouricuri wax 
could not be separated into fractions differing in properties, they were 
considered pure and homogeneous. | 


DISCUSSION 


Chromatography on alumina was found to be very effective in producing 
a remarkable degree of resolution when the mixtures of hydrocarbons were 
examined. However, in the case of hydrocarbons obtained from oat oil 
and from molecular distillation fractions of ouricuri wax, the application of 
chromatography, with long columns of activated alumina, failed to yield 
fractions showing any appreciable difference in melting point and crystal 
spacing. No amount of fractionation or crystallization could alter this 
situation. This provides very dependable criteria for establishing that 
both of the above 2 hydrocarbons are separate entities and not mixtures. 
The following facts were collectively observed in the case of the isolated 
hydrocarbons and the synthetic n-tetracosane: (1) They yielded identical 
melting points, 51.1-51.3°. (2) The angular positions of all the maxima, 
corresponding to the different spectral orders, were identical on the x-ray 
spectrographs for each of the hydrocarbon specimens in question. (3) The 
qualitative nature of the x-ray spectrographs, with particular reference to 
intensity variation through increasing orders and to the number of maxima 
appearing on the spectrograph, was strikingly identical in the comparison 
with the hydrocarbons isolated from natural sources with n-tetracosane. 

Although we were able to observe qualitatively the phenomenon of 
“transition” points, we found it very difficult to use this as a criterion of 
purity. Others (12) have also reported their inability to use the transition 
point satisfactorily. We believe that the chromatographic criterion of 
purity and homogeneity is much more definite and certainly much more 
satisfactory for use by the average investigator. 

Molecular distillation for the preliminary separation of hydrocarbon 
proved to be a highly desirable practice in these investigations. Chroma- 
tography alone, although effecting a considerable degree of resolution, prob- 
ably cannot be used for the isolation of a pure hydrocarbon from its com- 
plex mixtures unless considerable amounts of material are processed and 
various fractions of a chromatogram are rechromatographed as often as 
necessary to obtain a homogeneous product. Preliminary investigations in 
other fields seem to indicate that hydrocarbons of even number carbon 
atom content are more widely distributed than has previously been sup- 


posed. 
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SUMMARY 


1. n-Tetracosane has been identified in the unsaponifiable matter of a 
plant wax and a fatty oil. 

2. Its occurrence in ouricuri wax and oat oil provides an exception to the 
prevailing view that the paraffin hydrocarbons in most waxes and fatty 
oils contain an odd number of carbon atoms. 

3. Chromatography rather than the “transition”? point proved to be a 
dependable criterion for establishing the purity and the homogeneity of a 
hydrocarbon. 
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FURTHER STUDIES ON MUTANT STRAINS OF OPHIOSTOMA 
WHICH REQUIRE GUANINE* 


By NILS FRIES 
(From the Institute of Physiological Botany, University of Uppsala, Uppsala, Sweden) 


(Received for publication, July 14, 1952) 


Biochemical mutants which require guanine but are unable to utilize 
adenine and hypoxanthine obviously represent a very rare t~pe of purine 
deficiency in microorganisms. So far, guanineless mutations have been 
observed only in the ascomycetous fungus, Ophiostoma multiannulatum, in 
which seven strains of this biochemical type were isolated after x-ray or 
ultraviolet irradiation (1-3). Three of these strains were obtained with 
the aid of a selective enrichment technique (3). In previous studies the 
nutritional requirements of some of these guanineless mutants were ana- 
lyzed from a quantitative point of view, and it was also found that adenine 
and hypoxanthine inhibited their rate of growth (2). In the present com- 
munication, certain new facts are reported regarding the physiology of the 
guanineless Ophiostoma mutants, e.g. the effect of 2,6-diaminopurine. 
Their peculiar tendency to change spontaneously into guanine-hypoxan- 
thineless double mutants has also been investigated and is explained as a 
consequence of certain biochemical peculiarities of the mutants in question. 


EXPERIMENTAL 


Material and Methods—The guanineless mutant chiefly dealt with in this 
paper is strain 1377, one of those which changed at an early stage to a 
guanine-hypoxanthineless double mutant, and the progeny of which also 
exhibit the same tendency. Biochemically this strain behaves identically 
with the two others, strains 1365 and 1370, previously investigated (2). 
The oldest strain, No. 848, appearing in Table I, is also completely guanine- 
heterotrophic, but differs from the other strains in its habit of growth and 
the strength of its response to certain nutritional supplements. 

The results of crosses with wild type strains indicate that the guanineless 
character is associated with a gene change. Since perithecia have never 
been formed in mating tests in which guanineless strains are combined with 
each other, it has not been possible to decide whether or not the genes 
affected in these strains are allelic. 

The cultivation methods employed were essentially the same as those 
used in the earlier investigation of the physiology of guanineless mutants 


* This investigation was supported by grants from Eli Lilly and Company, In- 
dianapolis, and the Swedish Natural Science Research Council. 
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(2). The composition of the basal nutrient solution was the same as that 
of ordinary Medium 3, except that the ammonium nitrate was omitted, 
and certain trace elements and organic substances were added (2). The 
latter consisted of vitamins B, and Beg (each 0.1 y per ml.), which are essen- 
tial to the growth of Ophiostoma multiannulatum, as well as asparagine (1 
mg. per ml.) and meso-inositol (10 y per ml.), which support a conidial 
growth habit. 

The fungus was grown in tubes shaken mechanically, each containing 
10 ml. of nutrient solution, and the growth was measured photometrically 
at appropriafe intervals. 

Effect of Various Purines and Purine Derivatives—Of all the available 
purines chemically related to guanine, only 2,6-diaminopurine was capable 
of supporting the growth of the seven guanineless strains studied. At the 
lower concentration tested, this growth was equal or superior to that pro- 
duced by guanine (Table I). On the other hand, at the higher concentra- 
tion a certain toxicity probably interferes with the growth-promoting activ- 
ity of 2,6-diaminopurine, since this substance did not produce such a high 
rate of growth as did guanine. ‘This is not surprising in view of the well 
known inhibitory effect of 2,6-diaminopurine on the growth of various 
organisms (4-6). Since adenine and isoguanine proved to be completely 
inactive, it can be concluded that an amino group in position 2 is a pre- 
requisite for activity, whereas position 6 may be occupied by either an 
amino or a hydroxy (keto) group. 

Of twenty-four amino acids and numerous other metabolites tested by 
means of an auxanographic technique only adenine and hypoxanthine were 
inhibitory. This inhibitory effect of adenine was equally, or even more, 
evident when guanine was replaced by 2 ,6-diaminopurine as the growth- 
supporting agent. 

Of compounds containing guanine in ribosidic linkage, guanosine ap- 
peared to be more readily utilized than guanylic acid, which agrees with 
earlier findings (2). Desoxyguanosine was also very active, although the 
two strains responded somewhat differently to this substance. 

Precursor Accumulation—Certain indirect evidence (2, 7, 8) supports 
the assumption that in Ophiostoma, as well as in Neurospora, adenine (or 
hypoxanthine) appears as an intermediate in the synthesis of guanine. If 
this is true, the guanineless mutants may have their genetic block in one of 
the steps involved in the transformation of adenine (or hypoxanthine) into 
guanine. On the other hand, this might mean that an accumulation of a 
precursor purine could occur in a culture of a guanineless mutant. 

In order to test this possibility a guanineless mutant was grown in 
shaken tube cultures, supplemented with a limiting quantity of guanine 
(50 y per 10 ml.). The experiment started with twenty or thirty parallel 
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tests, and at certain intervals some of the tubes were removed for a quanti- 
tative estimation of the amount of adenine or hypoxanthine present. This 
was performed as a microbiological assay, with appropriate mutants of 


TABLE I 
Response of Two Guanineless Mutants to Guanine and Related Compounds 


The growth was determined photometrically with white light. The extinction 
was calculated from the galvanometer deflections, 7) (non-inoculated tube) and J 
(inoculated and incubated tube). The extinction value, « = Jo/I, of the culture 
tube was determined after inoculation at the start of the experiment. This initial 
value (e€9) was subtracted from the value (e3) obtained after an incubation period 
of 3 days. Each extinction value represents an average obtained from determina- 
tions on three tubes; the results did not differ from the average value by more than 


5 per cent. 


| 


| Strain 848 Strain 1377:43 
Additions to basal medium Amount per | 
| | value, es — growth value,es—e0 growth 
| uM | percent per cent 
Guanine 0.5 0.044 100 0.378 | 100 
5.0 0.065 148 1.546 | 409 
2,6-Diaminopurine* 0.5 0.044 125 
# 5.0 | | 0.847 | 224 
Guanosine 0.5 0.101 | 230 | 0.4544 | 120 
Guanylie acid 0.5 0.054 | «(0.3% 98 
Desoxyguanosinet 0.5 0.050 — 114 0.503 133 
Adenine 5.0 =. | 0 fe | 0 
Hypoxanthine 5.0 ie. | 0 0 | 0 
Adenine + guanine | ioe 0.033 | 75 0.006 | 2 
0 | | 
nopurine 0.5 | | | | 
Isoguanine* 0.5 $!| O | 0 
Crotonoside* 1.0 0 | 0 a | 0 
Xanthine 0.5 0 | 0 0 0 
Uric acid 0.5 0 | 0 0 0 


* Obtained through the courtesy of Professor S. Bergstrém, Department of 
Physiological Chemistry, University of Lund. » 

t Kindly supplied by Dr. P. Reichard, Chemical Department, Karolinska Insti- 
tutet, Stockholm. 


Ophiostoma as test strains. The cells of the guanineless strain were re- 
moved from the nutrient liquid, before testing, by heating the culture to 
100° and then centrifuging. The supernatant solution was added in graded 
quantities to the assay tubes, which were autoclaved and then inoculated 
with conidia of the test strain. 
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First it was demonstrated with the aid of an adenineless mutant, strain 
1174, that adenine (free or bound to ribose) actually was formed in the 
culture medium by at least certain guanineless mutants. When cultivated 
5 days with 50 y of guanine, strain 1377 had formed 40 to 60 y of adenine. 
An exact determination was not possible with this test strain, since the 
growth of the adenineless mutant is known to be affected by other sub- 
stances (e.g. methionine or histidine) possibly present in the used culture 
medium. Therefore a hypoxanthineless test strain, No. 870, was employed 
for more accurate estimations. The values obtained with this strain in- 
clude, however, the amount of hypoxanthine which may be present besides 
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Fic. 1. Growth and adenine production of the guanineless mutant strain 1377:41 
when cultivated in a synthetic medium supplemented with 50 y of guanine per tube. 
O, extinction (e, — eo) of the conidial suspension; 0, y of adenine produced. 


adenine, although this latter purine undoubtedly accounts for the major 
part of the response. 

Fig. 1 shows that the content of adenine in the nutrient solution of a 
guanineless mutant gradually increases with growth. This increase con- 
tinues even after the cessation of growth (which is due to lack of guanine) 
and reaches a final value higher than that of the guanine simultaneously 
consumed. 

In another experiment, the same guanineless mutant was grown with an 
optimal supply of guanine, viz. 300 y per tube. In this case the production 
of adenine per tube, 160 y, was higher than in the former experiment, 
although inferior to the amount of guanine originally present. 

Of the other guanineless mutants tested, strains 1365 and 1370 gave 
similar results, while strain 848 obviously did not produce any measurable 
amounts of adenine. 3 

Spontaneous Change of Guanineless Mutants into Guanine-Hypoxan- 
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thineless Strains—The spontaneous transformation of the simple guanine 
requirement into a requirement for both guanine and hypoxanthine was 
observed in all the older guanineless mutants and their descendants, with 
the exception of strain 848. In all the cases studied, this change was 
shown to be due to an independent mutation to hypoxanthine deficiency, 
which occurred in a gene probably localized in a chromosome other than 
that of the guanine locus. By crossing experiments, it was therefore always 
possible to regain a simple guanineless strain from one that had acquired 
this additional deficiency. 

Mutations leading to hypoxanthine heterotrophy probably occur spon- 
taneously at a certain, rather low, frequency in all strains of Ophiostoma 


TABLE II 
Growth Rate of Guanineless and Guanine-Hypoxanthineless Mutants on Two Ordinary 
Stock Culture Media 
The strains studied were obtained as descendants from a cross between a wild 
type strain (No. 3) and a guanine-hyporanthineless strain (No. 1377). The number 
of strains used in each experiment is indicated in parentheses. 


| Rate of growth, average values + standard errors 
Medium | 
| Guanineless strains 
| mm. per day | mm. per day 
Malt agar 1 1.18 + 0.055 (10) 1.45 + 0.045 (10) 
2 1.22 + 0.078 (10) | 1.52 + 0.054 (8) 
Yeast extract-Casamino-agar 3 | 1.36 + 0.035 (20) 1.53 + 0.053 (20) 


and have also been isolated from wild type conidial suspensions (9). The 
transformation of the guanineless strains into double mutants appears, 
therefore, to be not a problem of mutation but rather a question of selec- 
tion. What, then, makes the double mutant in this case compete so 
successfully with its parent strain? 

The discovery that guanineless mutants accumulate adenine seemed to 
offer a clue to a solution of this problem. If these mutants accumulate a 
precursor which inhibits their growth, any mutation involving a removal 
of this precursor production would possess a selective advantage over the 
original guanineless strain. Since the hypoxanthineless mutants, instead of 
accumulating adenine, require this substance (or hypoxanthine) for growth, 
they seem to possess such an advantage. In order to test this hypothesis 
the following experiments were performed. 

First, it was shown that the double mutants actually grew faster than 
the single mutants on two of the ordinary stock culture media (Table IT). 
The difference was not very great, particularly on the yeast extract-Casa- 
mino-agar. 
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According to hypothesis, however, the difference in growth rate should 
be due to a difference in sensitivity to the adenine or hypoxanthine present 
in the medium. Several experiments were therefore performed, in which 
varying amounts of these substances were added to the substrate. Since 
agar media were used, the growth rate was expressed in terms of mm. per 
day. All experiments gave consistent results, being of the same type as 
that shown in Fig. 2. 

With 0.5 um of guanine per plate, an addition of more than | um of 
adenine caused a decrease in the growth rate of both the single and the 


Li 


Growth rate in mm per day 


/ 2 3 


micromo/le adenine per plate 


Fic. 2. Growth rate of guanineless (G-) and guanine-hypoxanthineless (G-H-) 
mutant strains on an agar medium containing a synthetic nutrient solution with 0.5 
uM of guanine per plate and supplemented with various amounts of adenine. The 
points represent average values obtained from determinations on twenty strains 
derived from a cross between a wild type (strain 3) and a guanine-hypoxanthineless 
strain (No. 1377). 


double mutants (Fig. 2); the latter, however, were less sensitive than the 
former to this addition. The higher the adenine content of the medium 
the greater were the absolute and relative differences in growth rate be- 
tween the two types of mutants. With 3 um of adenine per plate, the 
guanine-hypoxanthineless mutants grew more than twice as fast as the 
guantneless strains. The threshold value of adenine, above which this 
difference made its appearance, varied a little from one experiment to 
another, but lay, on the whole, around 1.5 um of adenine per plate. 


DISCUSSION 


The sparing action of guanine upon the utilization of adenine and hy- 
poxanthine in certain mutants of Ophiostoma supports the assumption that 
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this fungus, like yeast (10), is capable of converting adenine or hypoxan- 
thine into guanine. The reverse process, however, which occurs in certain 
bacteria (11), does not seem to take place in Ophiostoma, since the adenine- 
and hypoxanthine-requiring mutants cannot use guanine (free or in 
ribosidic linkage) unless one of the two other purines is also supplied. 

A genetic block in this one way process leading from adenine or hypo- 
xanthine to guanine would produce a type of mutant which requires gua- 
nine, but is unable to utilize the two former purines. The guanineless 
mutants actually found fit well into this pattern, since adenine and hypo- 
xanthine do not exert any sparing action, but rather are inhibitory to 
the growth of these strains. Furthermore, the excess of adenine produced 
in the culture medium can be regarded as a case of precursor (or, perhaps, 
shunt product) accumulation, analogous to that observed in certain mu- 
tants of Neurospora (12-15). 

As far as could be found, the guanineless mutants are able to utilize only 
one other free purine base besides guanine, viz. 2,6-diaminopurine. 
Bendich et al. (16, 17) found earlier that this compound can be used by 
the rat as a precursor of guanine. The fact that the guanineless mu- 
tants of Ophiostoma assimilate this purine as readily as guanine indicates 
that 2,6-diaminopurine can function as a precursor also in this organism. 
If this reflects the natural pathway, the genetic block would lie between 
adenine and 2,6-diaminopurine. A direct amination of the carbon atom 
in position 2 of adenine appears less likely than a process involving iso- 
guanine as an intermediate. This latter substance, however, as well as its 
riboside (crotonoside), is completely inactive on all purine-requiring mu- 
tants so far tested, which is in keeping with the results of Brown (18) in 
feeding experiments with rats. 

In this connection it may be mentioned that 2,6-diaminopurine cannot 
be used by any adenineless or hypoxanthineless mutants of Ophiostoma. 

Furthermore, it must be borne in mind that although it is chiefly the 
effects of free purines which have been studied in this investigation and 
that the biosyntheses, for the sake of simplicity, are discussed in terms of 
free purines, this does not mean that these substances represent the natural 
metabolites. Much evidence supports the assumption that the purines in 
question occur in a ribosidic linkage (as nucleosides or nucleotides) when 
functioning as intermediates in the formation of the nucleic acids. 

At different times, each one of three guanineless strains changed to a 
guanine-hypoxanthineless double mutant because of a spontaneous mutation 
of a gene other than that responsible for the guanine deficiency. Other 
sorts of spontaneous mutations leading to a higher degree of heterotrophy 
have been observed earlier in Ophiostoma (19) as well as in Neurospora. 
In the latter fungus Mitchell and Mitchell (20) demonstrated that three 
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adenineless (according to my terminology, hypoxanthineless) mutants spon- 
taneously changed to adenineless double mutants. The double mutants 
forced out the original single mutants because of their faster rate of growth 
on the stock culture medium. The cause of this difference in growth rate 
was not elucidated, however. 

In the changing guanineless Ophiostoma mutants, a similar increase in 
growth rate follows the second mutational step, and it could be shown that 
the selective advantage of the guanine-hypoxanthineless double mutant is 
due to its lesser sensitivity to the adenine (and hypoxanthine) content of 
the medium. Both mutant types, the single as well as the double, are 
inhibited by adenine in the medium, the former type, but not the latter, 
also producing a certain surplus of adenine itself, probably as a precursor 
or product of a precursor. From this point of view it may be significant 
that the guanineless strain first isolated (strain 848), which is the only one 
not accumulating adenine, never changed to a double mutant. 

According to this interpretation the selective advantage of the second 
mutational step (to hypoxanthine deficiency) is due to the removal of a 
precursor (or shunt product) inhibition. It seems very probable that 
similar mechanisms will be found to act also in other cases of a spontaneous 
increase in heterotrophy observed in Ophiostoma and other microorganisms, 
since the low growth rate of many biochemical mutants may be due to 
internal inhibitions of a sort analogous to that found in guanineless Ophi- 
ostoma. It is easy to imagine how repeated mutations removing such 
inhibitions and involving a gradual increase in heterotrophy would finally 
restore the normal growth rate, thus functioning as a mechanism for re- 
gressive physiological evolution (21). 


The author is indebted to Mrs. Angelica von Hofsten and Mrs. Harriette 
Cedervall for valuable technical assistance. 


SUMMARY 


The responses of several guanineless mutants of Ophiostoma multian- 
nulatum to various purines and purine derivatives have been investigated. 
Of all the compounds tested, only guanine (free and bound in ribosidic or 
desoxyribosidic linkage) and 2,6-diaminopurine can be utilized by these 
mutant strains. Adenine and hypoxanthine have an inhibitory effect on 
growth. 

When cultivated with a limiting supply of guanine, all the strains in- 
vestigated, except one, accumulate adenine (or adenosine?) in the medium. 

The characteristic transformation of the older guanineless strains into 
guanine-hypoxanthineless double mutants is evidently the consequence of 
spontaneous mutations to hypoxanthine heterotrophy, the double mutants 
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thus produced possessing a selective advantage over their parental single 
mutants. This selective advantage is probably due to the fact that the 
mutation to hypoxanthine heterotrophy involves a removal of the produc- 


tion of the growth-inhibiting adenine. 
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INCORPORATION OF P® INTO THE “PHOSPHOPROTEIN” 
FRACTION OF MAMMALIAN TISSUE* 


By RALPH M. JOHNSON anv S. ALBERT 


(From the Richard Cohn Radiobiology Laboratory, Detroit Institule of Cancer Research, 
Detroit, Michigan) 


(Received for publication, May 22, 1952) 


The phosphorus in the TCA-insoluble! fraction of animal tissues is pres- 
ent not only in nucleic acids and phospholipides but also in a form that 
can be liberated from protein with dilute alkali.2, Such phosphoprotein is 
only a minor component of animal tissues, but the rate of uptake of P® by 
this fraction is sufficiently high to indicate that it may be important in 
metabolism (1-4). Davidson, Frazer, and Hutchison have reported that 
the phosphoprotein is a chemically distinct substance (5), but they were 
unable to determine from their data whether the large amounts of radio- 
activity in this fraction were due to contamination by extremely active 
inorganic phosphate or to a rapid turnover of P in the phosphoprotein 
itself. The present experiments favor the latter view. 

Comparison of Fractionation Methods—While comparing two methods for 
the estimation of nucleic acids in animal tissues, Schneider (6) found phos- 
phoprotein P values by his method of fractionation (7) that were consider- 
ably higher than those obtained by the Schmidt and Thannhauser pro- 
cedure (8). However, no comment or explanation was offered. Similar 
results have been observed in this laboratory, and, in addition, in experi- 
ments involving P® uptake, it has been found that the phosphoprotein P 
of the Schneider fractionation possesses a lower specific activity than that 
of the Schmidt and Thannhauser procedure. To gain a better understand- 
ing of these differences, the following experiments were performed. 

Four adult male rats of the Fischer strain were each given a single sub- 
cutaneous injection of an aqueous solution of NaH.P*O, containing 0.45 


* Supported by grants from the National Cancer Institute of the National Insti- 
tutes of Health, United States Public Health Service, the American Cancer Society, 
Inc., the Kresge Foundation, and the Michigan Cancer Foundation. A preliminary 
report of this work was presented at the Forty-third annual meeting of the Ameri- 
can Society of Biological Chemists, New York, April, 1952. The technical assistance 
of Miss Ruth Hoste, Miss Jeanne Lange, and Miss Renee Wagshal is gratefully 
acknowledged. 

'The following abbreviations will be used: trichloroacetic acid, TCA; nucleic 
acid, NA; desoxypentose nucleic acid, DNA; pentose nucleic acid, PNA. 

*The non-nucleic acid, lipide-free protein, in combination with phosphate will 
be referred to as phosphoprotein. 
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uc. per gm. of body weight.* 4 hours later the animals were killed by 
decapitation, and the livers were removed, minced, and pooled. Approxi- 
mately 20 gm. of the liver were then homogenized in 100 ml. of ice-cold 
10 per cent TCA in a Potter-Elvehjem type homogenizer. 

Six equal aliquots of the homogenate, each corresponding to 0.990 gm. 
of liver, were fractionated as shown in Scheme 1. Six additional aliquots 
of the same size were fractionated according to Scheme 2. The latter jis 
a modification of the Schneider method, in which the phosphoprotein resi- 
due has been further fractionated in an attempt to remove any possible 
contaminants possessing low specific activity. Phosphorus of the various 
fractions .was determined, P® was assayed, and the results were expressed 
as described previously (2). The experiment was repeated with twelve 
livers from male mice of the dba strain (Table I). 

The modified Schneider procedure yielded a phosphoprotein fraction 
(total of Fractions C-4, C-5, and C-6) that was larger in amount than that 
obtained by the Schmidt and Thannhauser method (Fraction B-7). Only 
Fraction C-5 had a specific activity comparable to that found in the phos- 
phoprotein fraction of Schmidt and Thannhauser (Table I). The simi- 
larity in the specific activities of Fractions C-5 and B-7 and the dissimi- 
larity between them and those of Fractions C-4 and C-6 suggest that the 
phosphoprotein residue of Schneider contains materials other than the 
phosphoprotein of Schmidt and Thannhauser. The close approximation 
of the specific activities of Fractions C-4 and C-6 to those of Fractions 
C-10 and C-18 suggests that the contamination is due primarily to nucleic 
acid (NA). However, we were not able to demonstrate this unequivocally. 
The discrepancy in the specific activities of the phosphoprotein P isolated 
by the two methods employed is probably attributable to the inadequacies 
in the methods for accomplishing a completely qualitative fractionation of 
the very small quantities involved. 

The data do not exclude the possibility that the P remaining in the resi- 
due after extracting Fraction B-2 (Scheme 2) with hot 5 per cent TCA 
contains, in addition to phosphate bound to protein in an ester linkage, 
other acid-insoluble, non-nucleic acid P. This would be represented by 
Fraction C-4. It is doubtful, however, that the type of isolation procedure 
employed would yield a sufficiently pure fraction to settle this point. 

Fraction C-2 (DNA plus PNA) was further fractionated (Scheme 2) to 
determine the extent to which it might be contaminated with material 
possessing relatively high specific activity, e.g. phosphoprotein. Any or- 
thophosphate present, whether it originated from the acid-soluble fraction 
or was cleaved from phosphoprotein, would be expected to appear in Frac- 


3 The radioactive P used in these experiments was furnished by the Oak Ridge 
National Laboratory, Oak Ridge, Tennessee. 
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tion C-17 in the case of the rat livers and in Fraction C-9 in the case of 
mouse livers. In rat liver, the specific activity of Fraction C-17 was found 
to be somewhat higher than that of either Fraction C-10 or C-18, but it 
can be calculated that this difference could be accounted for by the pres- 
ence of only 2 y of phosphoprotein P, possessing a specific activity of 472. 
A similar negligible amount was extracted from mouse livers by the hot 
5 per cent TCA. 

P® Incorporation into Phosphoprotein—In experiments in which NaH,- 
PO, was added to tissue homogenates, and the homogenates treated im- 
mediately thereafter with cold TCA and fractionated by the Schmidt and 


Fraction B-2 (Scheme 1) 
Extract with 5°, TCA at 90° 15 min. 


i 
Residue Fraction C-2 


Hydrolyze 20 hrs. (DNA + PNA) 
at 37° in N NaOH Chill 
Acidify with HCl Ppt. PO, with 
and TCA; chill and NH,OH 
| 
Fraction C-4 Supernatant Fraction C-9 Fraction C-10 
Chill Dissolve in 1 n HCl (DNA + 
Ppt. PO, with Mg*~ Reprecipitate PO, PNA) 
and NH,OH | 
! Fraction C-17 Fraction C-18 
Fraction C-5 Fraction C-6 (residue) (supernatant) 


(phosphoprotein P) 
SCHEME 2. An extension of the Schneider fractionation procedure (6) 


Thannhauser method, appreciable amounts of P® have been found in the 
phosphoprotein fraction ((5) and unpublished results). The fact that the 
added orthophosphate is incompletely removed by the cold TCA extraction 
and appears as a contaminant in the phosphoprotein fraction would lead 
one to suspect that the inorganic phosphate of the tissues, as well as other 
acid-soluble compounds possessing high specific activities, might also be 
carried into this fraction. These might then account for the high activity 
observed there. Contrary evidence was obtained from the following ex- 
periments. 

An adult male rat of the Holtzman strain received a subcutaneous injec- 
tion of NaH2P”O, containing 0.45 uc. per gm. of body weight, and 4 hours 
later the animal was anesthetized and the liver perfused with ice-cold 0.9 
per cent NaCl until it appeared to be freed of blood. The liver was then 
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homogenized in distilled water containing 0.0009 M CaCl, by means of a 
rubber pestle and glass tube. The nuclei, débris, and whole cells were 
sedimented in a refrigerated centrifuge at 600 X g for 5 minutes, resus- 
pended, and centrifuged again at the same speed. The sediment was sus- 
pended in approximately 15 volumes of cold 5 per cent citric acid for 30 


TaBLeE I 
Distribution of Phosphorus in Liver 


| Rat liver Mouse liver 
ome No. of Specific | No. of Specifi 
| ‘alee | Total P* activity t samples Total P aaibelae 
Schmidt and Thannhauser procedure 
Acid-soluble 798 12 | 957 538 
(778 833)t (407-445) (876-1019 )| (510-596 ) 
Phospholipide 6 1013 76 | 
(916 -1109) | (70+ 82) | 

B-5 (DNA) | 128 | 15 6 232 14 

| (112 - 142) | (14 17)  (225- 243) (12- 15) 
B-7 (phosphoprotein) 4 34 327 5 | 58 331 

| (33.5- 35.4) (321-341) (54-61)! (295-367) 
B-8 (PNA) «828 40 927 50 

| (819 840) | (38 43)  (895- 967)! (48- 51) 

Modified Schneider procedure 

C-2 (hot 5% TCA) | | | | 6 1145 | 39 

| (1126-1165) (34- 42) 
C-4 | & | 2 82 1 13 102 

| 24.6) (69 94) 
C-5 (phosphoprotein) 6 | 33 472 3 45 260 

| (31.0- 33.6)'(407-514 ) (43- 47) (255-263 ) 
C4 6 | 187 76 | 56 

160) | (72+ 80) (216- 230) (50- 60) 
C-9 | | 4 113 95 

| | (109- 118) (92- 98) 
C-10 (DNA + PNA) | 3 870 30 5 | 1120 30 

| (864 - 876) | (30- 31) (1082-1132), (29- 31) 
C-17 77 

(25.1- 28.5) (60+ 95) | 
C-18 48 | 

| | (6 - 8) | (35 59) | 


* Micrograms per gm. of liver. 
t Counts per minute per microgram of P. 
t The figures in parentheses are ranges of values. 
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minutes and centrifuged in the cold for 3 minutes at 100 K g. The super- 
natant liquid was then centrifuged for 3 minutes at 100 X g; the residues 
were pooled, resuspended in cold 5 per cent citric acid, and centrifuged for 
3 minutes at 100 X g. By repeated washings and resuspensions of this 
type the nuclei were freed of essentially all cytoplasmic tabs and connective 
tissue. The final supernatant solutions containing clean nuclei and frag- 
ments of débris smaller than nuclei were centrifuged for 5 minutes at 600 
X g and the nuclei resuspended and recentrifuged twice. Prior to the last 
centrifuging a sample was removed for counting. Nuclei were counted 
from this sample or from diluted homogenates with a Spencer bright line 
hemacytometer. Ten fields were counted, each field consisting of nine 
groups of the sixteen small squares usually used for red blood cell counts. 

Large granules were separated by centrifuging the nuclear supernatant 
solutions for 10 minutes at 4000 X g in a type SS-1 Servall centrifuge kept 
at 0° in a refrigerated laboratory. The sediments were pooled, resuspended 
in 0.0009 m CaCl, and recentrifuged twice at 4000 X g for 10 minutes. 
The small granule fractions were prepared by centrifuging the resulting 
supernatant solutions for 3 hours at 24,000 * g. The non-sedimentable 
material remaining was designated “cytoplasmic supernatant.”’ 

These preparations (nuclei, large granules, small granules, and cytoplas- 
mic supernatant) were then fractionated according to Scheme 1, and P and 
radioactivity assays were made as before. The results, which are typical 
of those obtained from some ten similar experiments, are summarized in 
Table II. The nuclei contained only relatively small amounts of either 
acid-soluble organic or inorganic P, and these fractions incorporated P® at 
comparatively slow rates, while the phosphoprotein fraction contained at 
least 4 times as much P as the combined acid-soluble fractions, and its P 
possessed a specific activity at least. twice as high as either of the acid- 
soluble fractions. This is unique in our experience. In all unfractionated 
tissues and non-nuclear cell fractions that we have investigated, including 
those of normal and cancerous tissues, the acid-soluble P has been found 
to be more active than any of the others in incorporating P®”. Unless one 
assumes a preferential adsorption of P®?-containing acid-soluble compounds 
onto the nuclear phosphoprotein, it must be concluded that the radioactiv- 
ity of the latter is actually incorporated into the molecule and does not 
exist there as an artifact resulting from inadequacies of the fractionation 
technique. 

A comparison of both the amounts of P and the concentration coeff- 
cients of the phosphoprotein of the various cell particles with those of 
acid-soluble fractions provides further evidence that the radioactivity asso- 
ciated with the phosphoprotein is not an artifact. Thus the amounts of 
both organic and inorganic P in the small granules are 6 to 14 times greater 
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than corresponding nuclear P, but the amounts of phosphoprotein P iso- 
lated from the former source is only about one-half as much as from the 
latter. Furthermore, while the concentration coefficients of small granule 
inorganic and organic P are considerably higher than those of correspond- 
ing nuclear P, the concentration coefficient of nuclear phosphoprotein is 
much higher than that of the small granules. Similar comparisons can be 
made between the large granules, supernatant solution, and nuclei. It is 
apparent that in these instances both the amount and radioactivity of 
phosphoprotein P vary in a manner which indicates that it is independent 
of both organic and inorganic acid-soluble P. 


TaBLe II 
Incorporation in vivo of P* into Various Particulate Fractions of Rat Liver Cells 
Acid-soluble 
Phosphoprotein 
Fraction | Inorganic Organic 

Total P*| Pet | TotalP | | TotalP 

| | | 
0.02 | | 0.09 1041 | 0.44 | 2109 
Large granules............... 0.87 3306 1.10 2061 0.20 2136 
Cytoplasmic supernatant..... 12. 3755 | 13.8 2905 0.53 


*Micrograms of P X 1077 per nucleus. 

+ P®, concentration coefficients, calculated as (counts per minute found per micro- 
gram of P found)/(counts per minute injected per microgram of body weight). 

t Non-significant amounts of radioactivity were obtained. Those Geiger counts 
that did not exceed the background by 10 were not considered significant, 10 counts 
being approximately 3 times the standard error of the background. 


Other evidence favoring the view that phosphoprotein is active in the 
turnover of P comes from experiments in vitro. Friedkin and Lehninger 
(9) have demonstrated the incorporation of P® into the phosphoprotein 
fraction of mitochondria in the presence of active tissue metabolism, but 
not in its absence. Experiments of a similar nature carried out in this 
laboratory have confirmed these observations. 

Distribution of Phosphoprotein P in Rat Tissues—Adult male Holtzman 
rats 8 to 10 months old, weighing approximately 350 gm., were each given 
a subcutaneous injection of an aqueous solution of NaH2P”O, containing 
0.45 ue. per gm. of body weight. 4 hours later they were killed by decapi- 
tation and the organs shown in Table III were removed and fractionated 
according to Scheme 1. 

All the tissues contained small but measurable amounts of phosphopro- 
tein. The testes, prostate, and brain, although containing approximately 
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the same amounts of phosphoprotein P as other tissues examined, possessed 
relatively low turnover rates. The heart, the only muscular tissue exam. 
ined, possessed the smallest amount of phosphoprotein. Its P turnover 
activity was similar to that of lung and spleen, and lower than that of 
kidney and liver. Thus, there appeared to be no correlation between the 
amount of phosphoprotein P found in the tissues and its rate of turnover, 
It is possible that the low activity found in the testes, prostate, and brain 


TaBLe III 
Acid-Soluble and Phosphoprotein Phosphorus of Rat Tissues 


— 


Inorganic acid-soluble Organic acid-soluble | Phosphoprotein 


| 

| Total P* | Peet  TotalP | P#® | TotalP 
| | | | 

Kidney 6 | 0.363 | 4228 0.406 2244 0.038 2431 
| (0. (179) (0.012) (29) (0.005) (343) 

Liver | 6 5106 0.582 2612 0.039 2274 
| ties | (67) | (0.033) (93) (0.004) (282) 


Lung | 6 | 0.170 | 3087 0.340 1548 0.043 1673 
| (0.016) (113) | (0.020) (79) (0.003) (111) 


Heart 0.550 2791 «0.390 «1189 | 0.021 «1573 
(0.038) (0.049) (0.003) (260) 
Spleen 0.326 | 3088 0.615 1029 0.094 1236 
| (0.009 ) | (98) | (0.012) (24) | (0.023) (174) 
Prostate | 6 0.282 2267 0.566 466 (0.039721 
| (0.021) (175) ie (0. (21) (0.008) (80) 
Testes 0.316 | 415 110 «(0.05187 


(0.007) | (30) | (0.018) (6) | (0.006) (9) 
Brain | 0.566 127° 0.283 «58 | 0.055 64 
| (0.042) (8) (0.013) (3), (0.005) (5) 


* Micrograms per gm. of moist tissue. 
7 Concentration coefficients. 
t The figures in parentheses are standard errors of mean values. 


was due to the poor blood supply to these tissues, and is not an indication 
of decreased metabolic activity involving phosphoprotein phosphorylation. 

There was a correlation between the uptake of acid-soluble and phos- 
phoprotein P. The organs with a high P® uptake in the former fraction 
also possessed a higher turnover in the latter, suggesting that these frac- 
tions may be closely linked metabolically. 


DISCUSSION 


The results obtained by Davidson and coworkers (5) together with the 
data presented here leave little doubt regarding the existence in animal 
tissues of a non-nucleic acid, protein-phosphate complex. The results do 
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not indicate whether this fraction consists of one compound or several. 
The phosphoprotein fraction usually shows a very high rate of uptake of 
p®, second only to that of acid-soluble P (2,3). The present observations 
made on liver cell nuclei, as well as on other cell fractions, demonstrate that 
the radioactivity associated with phosphoprotein P is not an artifact arising 
as a contaminant from some other P fraction. It might, therefore, be in- 
ferred that the phosphoprotein itself is extremely active in turning over P, 
and that it may be important as an intermediate in the utilization of phos- 
phate. The very small quantities in which it is found in tissues, together 
with its high P turnover activity, suggest that it has no function in phos- 
phate storage. It conceivably could be enzymic in nature, possibly occu- 
pying a rdle in phosphate transfer similar to that suggested by Jagannathan 
and Luck (10) in the case of phosphoglucomutase. It probably is not the 
latter, however, since these workers found that the phosphate of that en- 
zyme Was easily removed by 10 per cent TCA. 

A phosphoprotein phosphatase capable of removing phosphate from 
phosphoprotein without a preliminary protein hydrolysis has been de- 
scribed by Harris (11). Feinstein and Volk (12), using casein as a sub- 
strate, studied the distribution of phosphoprotein phosphatase in several 
tissues, including those shown in Table III. The tissue possessing the 
highest phosphatase activity was the spleen, the tissue in which we found 
the largest amount of phosphoprotein. In the present experiments the 
spleen possessed a much lower activity in turning over P than either liver 
or kidney, suggesting that this activity is not very closely dependent upon 
the phosphoprotein phosphatase activity as measured by Feinstein and 
Volk. A further comparison of the phosphoprotein phosphatase activities 
of the tissues examined by them with the phosphoprotein P turnover in 
the tissues shown in Table III fails to establish a close relation between 
phosphatase activity and phosphoprotein P turnover. If the enzyme de- 
scribed by Feinstein and Volk is concerned with the breakdown of tissue 
phosphoprotein, and hence P turnover of this substance, these differences 
might be explained on the basis that an inhibitory mechanism for the en- 
zyme exists in vivo that is not active in vitro. 


SUMMARY 


1. The determination of phosphoprotein P by the Schneider method of 
fractionating P-containing compounds has been compared with the Schmidt 
and Thannhauser procedure on tissues from mice and rats that had received 
P®, The phosphoprotein residue obtained by the former method contains 
non-phosphoprotein P, which is characterized by a relatively low rate of in- 
corporation of 

2. P® was administered to rats and the acid-soluble organic and inor- 
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ganic P of liver cell particles was compared to that of the phosphoprotein 
P. The phosphoprotein fraction of nuclei contained more P and possessed 
a higher specific activity than either the acid-soluble organic or inorganic 
fractions of nuclei. Neither the amounts of acid-soluble P nor their specific 
activities in the various cell fractions appeared to be correlated with those 
of the phosphoprotein fractions. From these and observations made on 
the incorporation tn vitro of P® into phosphoprotein, it is concluded that 
the phosphoprotein of tissues actually incorporates P® at a very high rate. 

3. The phosphoprotein P content of several rat tissues was determined. 
Of the tissues examined, the spleen contained the largest amounts and the 
heart the smallest. The liver and kidney were the most active in incor 
porating P® in vivo, and the lung, brain, and testes were the least active. 
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THE METABOLISM OF CAFFEINE AND THEOPHYLLINE* 


By HERBERT WEINFELD anp A. A. CHRISTMAN 


(From the Department of Biological Chemistry, Medical School, University of Michigan, 
Ann Arbor, Michigan) 


(Received for publication, August 4, 1952) 


Following the ingestion of caffeine and theophylline by man (1-5), the 
Dalmatian dog (6), and the rat! (7), an increased urinary excretion of 
substances which reduce alkaline phosphotungstate solutions was observed. 
Although earlier workers in this field had stated that the increased reduc- 
tion was due to uric acid, Myers and Wardell (4) in 1928 suggested that the 
chromogens from the methylxanthines might be methylurie acids which 
resulted from the oxidation of the carbon in position 8. Since only those 
methyluric acids (1,3-dimethyluric acid, 1-methyluric acid, and 3-meth- 
yluric acid) which lack a methyl group in position 7 reduce the alkaline 
phosphotungstate reagents to a degree comparable to that of uric acid, 
demethylation of caffeine at position 7 must accompany its oxidation at 
position 8. 

By the ordinary colorimetric methods, it was not possible to determine 
whether the increased excretion of chromogenic material obtained after the 
feeding of caffeine or theophylline was due to these reducing methyluric 
acids or to uric acid produced by complete demethylation and oxidation of 
the methylxanthines. By the use of the more specific uricase method, 
Buchanan, Christman, and Block (5, 8) showed that in man there was no 
significant increase in the excretion of uric acid following the ingestion of 
caffeine or theophylline. These workers also observed that, on the addi- 
tion of the three chromogenic methyluric acids to urine, only 1-methylurie 
acid could be precipitated along with uric acid by the ammoniacal silver 
solution of Benedict and Hitchcock (9). Since in the urines, collected 
after the ingestion of caffeine and theophylline, a considerable portion of 
the non-uric acid chromogens was precipitable by ammoniacal silver, the 
presence of l-methyluric acid was strongly indicated. More recently 
Brodie et al. (10) isolated 1,3-dimethyluric acid from the urine of human 
subjects who had ingested theophylline. 

Christman and Seamens! have also observed that subsequent to the oral 
administration of caffeine and theophylline to rats, the largest portion of 


* This material was taken in part from a thesis submitted to the Horace H. Rack- 
ham School of Graduate Studies, University of Michigan, by Herbert Weinfeld in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy, 1951. 

‘Christman, A. A., and Seamens, M., unpublished data. 
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the chromogenic material in the urine was not uric acid. Evidence was 
again obtained that, after caffeine feeding, the greater part of the urinary 
non-uric acid chromogen was l-methyluric acid. <A further study by the 
methods of paper chromatography to determine the nature of the non-uric 
acid chromogens, found in the urine of man, the rat, and the rabbit follow- 
ing the ingestion of caffeine and theophylline, is reported in the present 
paper. -A preliminary report of some of these data was presented in 195] 
(11). 


EXPERIMENTAL 


Chromatographic Technique—Urines, collected for 24 hour periods, were 
preserved with acid or toluene. The control urines were collected during 
the 24 hour period immediately preceding the administration of the meth- 
ylated xanthines. Common sources of methylated xanthines were removed 
from the diet for several days preceding and during the collection of urines. 
For the chromatographic study, aliquots of the control urines were supple- 
mented individually with uric acid, 1-methyl-, 3-methyl-, or 1 ,3-dimeth- 
yluric acid in 0.1 per cent lithium carbonate solution. In any one chro- 
matographic analysis, equal aliquots of unsupplemented control urine, 
supplemented control urine, and urine obtained after administration of caf- 
feine or theophylline were chromatographed simultaneously on sheets or 
strips of Whatman No.1 filter paper. Sheet chromatograms were obtained 
in phenol saturated with water (Solvent A) by descending capillarity (12), 
strip chromatograms were obtained by ascending capillarity (13) in a single 
phase mixture of n-butanol, distilled water, benzene, and methanol, 1:1:1:2 
by volume (Solvent B), and a single phase mixture of n-butanol, distilled 
water, and glacial acetic acid, 5:5:3 by volume (Solvent C). For suitable 
development, chromatography in Solvent A required 30 hours; in Solvent 
B, 16 to 18 hours; and in Solvent C, 30 to 35 hours. After the chromato- 
grams were allowed to dry in air, the positions of the solvent fronts were 
located by a faint coloration on the paper when Solvent A was used and 
by the fluorescence in ultraviolet light of impurities which accompanied 
the advancing front of liquid when Solvents B and C were used. The 
paper was sprayed first with a urea-cyanide carbonate reagent (14), fol- 
lowed by an arsenophosphotungstic acid solution (15). Areas which were 
colored blue denoted the presence of chromogens. After drying in air, 
these areas were outlined in pencil, since the color gradually faded. The 
Ry values were computed from the point of farthest advance of the chro- 
mogen in relation to that of the solvent front. 

Urine Analysis—Total chromogens, non-uric acid chromogens, and uric 
acid were determined by the method of Buchanan and coworkers (8). 
‘Total chromogens”’ and “non-uric acid chromogens,” expressed in terms 
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of uric acid, are identical with “total color’? and ‘residual color’’ as used 
by these workers. The Benedict-Hitchcock indirect method for uric acid, 
as modified by Buchanan e¢ al. (8), was used in some cases. 24 hour ex- 
eretions of creatinine were determined as a check on the adequacy of the 
urine collections. 


Results 


Identification of Methyluric Acids in Urine of Human Subject Following 
Ingestion of Caffeine—A 24 hour control urine from a 75 kilo male subject 
was collected after several days on a diet essentially free of methylated 
xanthines. 1 gm. of caffeine in divided doses was taken over a 5 hour 
period, and the 24 hour experimental sample was collected. Both urines 
were diluted to a volume of 2 liters. The creatinine excretion for the 24 
hour control and experimental periods was 1.95 and 1.93 gm. respectively. 
The excretion of true uric acid for these periods was 681 and 654 mg. 
respectively. The non-uric acid chromogens in terms of uric acid were 
increased by 251 mg. (45 to 296 mg.) after caffeine ingestion. Uric acid, 
as determined by the modified Benedict-Hitchcock method, rose from a 
control level of 664 to 812 mg. This indicates that approximately 60 per 
cent of the increase in non-urie acid chromogens following the ingestion of 
caffeine was precipitable with ammoniacal silver. This result and the 
chromatographic data recorded in Table I support the conclusion that 
l-methyluric acid is an important metabolite of caffeine in the human body. 
Table I also shows that some 1 ,3-dimethyluric acid may be a product of 
caffeine metabolism in man, but there is no evidence for the presence of 
3-methyluric acid in the experimental urine. 

Identification of Methyluric Acids in Urine of a Subject Following 
Ingestion of Theophylline—After a preliminary period of 4 days on a diet 
free of methylxanthines, the same subject used in previous experiments 
ingested 0.7 gm. of theophylline in divided doses over a period of several 
hours. Creatinine determinations on the 24 hour samples of the control 
and experimental urines indicated a satisfactory collection of urine. Total 
chromogens increased from a level of 576 mg. in the control urine to 818 
mg. in the urine collected after the ingestion of theophylline. On the basis 
of earlier work in this laboratory (5) it can be assumed that this increase in 
chromogens (242 mg.) was not due to uric acid. The results of the chro- 
matographic study of this urine are found in Table II. After the inges- 
tion of theophylline, the urine contained a chromogen which migrated at a 
rate similar to that of 1,3-dimethvluric acid in three different solvents. 
In Solvents B and C, 1-methylurie acid added to the control urines gave 
distinct spots, with Rr values of 0.57 and 0.78 respectively. Similar spots 
with Ry values of 0.55 and 0.71 were found in the urine after theophylline. 
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3-Methyluric acid added to the control urine did not separate cleanly from 
a normal chromogen in the control urine which had Rr values of 0.34 to 
0.35 and 0.61 to 0.64 in Solvents B and C respectively. In the urine 
collected after theophylline ingestion there was no indication that 3-meth- 
yluric acid was present. It is concluded, therefore, that 1,3-dimethylurie 
acid and 1-methyluric acid are the principal chromogenic substances ex- 
creted in the urine of man after ingestion of theophylline. 


TABLE I 
Rr Values of Chromogenic Methyluric Acids Added to Control Urine and of Chromogens 
Present in Urine of Human Subject before and after Ingestion of 1 Gm. of Caffeine 
The volumes of the control and experimental urines were 2 liters. The aliquots 
of urine chromatographed were 200 ul. in Solvent A and 100 wl. in Solvent C. The 
amount of each methyluric acid added to the control urine was 40 y. 


Solvent A Solvent C 
Trial 1 | Trial 2 Trial 1 | Trial 2 
Control urine* 0.30-0.31  0.32-0.33  0.45-0.51  0.55-0.59 
acid | 
Control urine + 3-methyluric 0.71, 0.72 0.63F 0.71 
acid | 
Control urine + 1-methyluric 0.71, 0.71 | 0.67, 0.68 0.70 0.80 
acid | 
Urine after caffeine ingestion 0.72, 0.72, | 0.68, 0.68 0.72 ~—60.81 
0.88, 0.89 | 


* The principal chromogen found in the control urine which has an Ry, of 0.30 
to 0.33 in Solvent A and 0.45 to 0.59 in Solvent C is uric acid. Similar spots from 
this substance occur on all chromatograms, but have not been recorded. 

t Did not separate cleanly from the compound with Rp 0.45 to 0.51. 

Faint spot. 


Identification of Methyluric Acids in Urine of Rats Following Oral Admin- 
istration of Theophylline—Six male albino rats, each weighing approxi- 
mately 300 gm., were maintained on a synthetic diet for several weeks 
prior to the experiment. The urine excreted by all the rats during a 24 
hour control period was pooled, diluted to 500 ml. with distilled water, and 
filtered. 20 mg. of caffeine in 2 ml. of water were administered by stomach 
tube to each of three animals of the group on 2 successive days and 20 mg. 
of theophylline in 2 ml. of water were administered to each of the remaining 
animals on the same days. The urines of each of the two groups collected 
over the 48 hour period were pooled, diluted to 500 ml., and filtered. The 
increase in total chromogens following the ingestion of 120 mg. of caffeine 
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was only 4.9 mg. over the control level, whereas the increase following the 
same amount of theophylline was 31.6 mg. Because the increase in total 
chromogens after the administration of caffeine was so small, chromato- 
graphic analysis of the urine was not attempted. The urine collected after 
theophylline was chromatographed in Solvents B and C and compared with 
the control urine to which 1-methyluric, 3-methyluric, and 1 ,3-dimethy]- 
uric acids, had been added. In Solvent B, 1 ,3-dimethyluric, 1-methyluric, 
and 3-methyluric acids added to the control urine gave R, values of 0.86, 


TABLE II 
Rp Values of Chromogenic Methyluric Acids Added to Control Urine and of Chromogens 
Present in Urine of Human Subject before and after Ingestion of 0.7 Gm. 
of Theophylline 
The volumes of the control and experimental urine were 1500 and 2065 ml. respec- 
tively. The aliquots of urine chromatographed were 200 ul. The amount of each 
methyluric acid added to the control urine was 40 y. 


Solvent A Solvent B | Solvent C 
Control urine*  0.25-0.27 0.19-0.21  0.51-0.52 
| 0.34-0.35T 0.61-0.64T 
Control urine + 1,3-dimethyvluric acid 0.88 0.69 0.86 
“ “4 1-methylurie acid —-0..68, 0.69 0.57 0.78 
+ 3-methylurie ‘ | 0.49f 0 .66§ 
Urine after theophylline ingestion — 0.85, 0.86, 0.68 0.83 
«0.64, 0.65 0.55 0.71 


| 
' 


* The slow moving chromogen found in control urine is probably urie acid. The 
same spots occur in all of the chromatograms, but are not recorded. 

t Very faint spots. 

t Did not separate from spot in control urine of Rp 0.34 to 0.35. 

§ Did not separate from spot in control urine of Rp 0.61 to 0.64. 


0.70, and 0.58 respectively. The urine collected after theophylline feeding 
contained chromogens which had FR, values of 0.87 and 0.66. This was 
strong evidence for the presence of 1 ,3-dimethyluric acid. The chromogen 
with an Ry value of 0.66 could be due to either 1-methylurie acid or 3- 
methyluric acid or to a mixture of both. A further study with Solvent C, 
however, showed that 3-methyluric acid was not present in amounts that 
could be detected by chromatography. In the latter solvent, the Rr values 
of 1,3-dimethyluric acid, 1-methyluric acid, and 3-methylurie acid were 
0.91, 0.80, and 0.58. Chromogens were present in the rat urine, after 
feeding theophylline, which had Rr values at 0.91 and 0.78, but no detect- 
able chromogen with an Rr comparable to that of 3-methyluric acid. As 
a further check, aliquots of the urine collected after theophylline feeding 
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were supplemented separately with 1-methyluric acid and with 1 ,3-dimeth- 
yluriec acid. The supplemented and unsupplemented aliquots were then 
chromatographed in Solvent A and the color developed in the usual manner. 
By the use of this solvent, one chromogen in the experimental urine with 
an Ry in the area between 0.50 and 0.60 and a second chromogen with an 
R, in the area between 0.80 and 0.90 were found. The urine supplemented 
with 1,3-dimethylurie acid showed an enhancement of the color at the 
higher Ry value, whereas the urine supplemented with 1-methylurie acid 
showed enhancement of color in the region between 0.50 and 0.70. Con- 
sideration of all of the chromatographic data leads to the conclusion that 
the increase in chromogens in rat urine after theophylline ingestion is 
principally due to 1-methyluric acid and 1,3-dimethylurie acid. The me- 
tabolism of theophylline by man appears to be similar to that by the rat. 

Identification of Methyluric Acids in Urine of Rabbit after Oral Adminis- 
tration of Theophylline and Caffeine—A male albino rabbit, 3 kilos in weight, 
Was maintained on a diet of oats, cabbage, and tap water. On each of 3 
consecutive days, following the collection of a 24 hour control urine, 200 
mg. of theophylline dissolved in approximately 0.07 per cent sodium ear- 
bonate were administered by stomach tube. 24 hour samples of urine 
collected during the 3 days of theophylline administration and a 24 hour 
postfeeding sample of urine were collected. It was found in a preliminary 
experiment that the control urine contained a chromogen (presumably uric 
acid) with an R» value of 0.28 to 0.32 in Solvent A. The 24 hour sample 
of urine, collected after the first administration of theophylline, contained 
a second chromogen which, under the same conditions, gave an R, value 
of approximately 0.90. 

Since the precipitation of uric acid as a cuprous salt has been employed 
as a preliminary step in its determination, it was thought that a similar 
procedure might be useful for the isolation of the methyluric acids. The 
urines collected after theophylline administration were pooled and treated 
as directed in the method of Hunter and Givens (16) for the determination 
of uric acid. The brown precipitate of cuprous salts was removed by 
filtration, washed with hot water, and redissolved in weak acid. After the 
removal of the copper as the sulfide, the filtrate was boiled to remove excess 
hydrogen sulfide. After concentration to a small volume in vacuo and 
chilling, a yellow orange precipitate was obtained. On further purification 
approximately 30 mg. of material, light yellow in color, were isolated. 
Some of this material, as well as uric acid and the three chromogenic 
methyluric acids, was dissolved in 0.1 per cent lithium carbonate for chro- 
matographic study. 

In Solvent A (descending capillarity) the Rr values of uric acid, 1-methyl- 
uric acid, 3-methyluric acid, and 1 ,3-dimethylurie acid, dissolved in lithium 
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arbonate, were 0.29, 0.54, 0.67, and 0.91 respectively. In the isolated 
naterial, three distinct compounds were present, with Rr values of 0.25, 
)52, and 0.94, corresponding closely to those obtained with pure uric acid, 
|methyluric acid, and 1,3-dimethylurie acid. As a further check, the 
isolated compound was chromatographed in Solvent B by ascending capil- 
arity. Spots with Rr values of 0.23, 0.36, and 0.63 were obtained. These 
Ry values again correspond to those for uric acid, 1-methyluric acid, and 
|,3-dimethyluric acid, which in this solvent were 0.29, 0.40, and 0.63. 
From these data it may be concluded that the material isolated from the 
pooled urine of a rabbit which had received 600 mg. of theophylline in 
divided doses over a 3 day period contained at least 3 compounds, 7.e., 
uric acid, 1-methyluric acid, and 1,3-dimethyluric acid. After the ad- 
ministration of the first 200 mg. dose, however, only 1 ,3-dimethylurie acid 
could be detected by chromatographic analysis of the urine. The ultra- 
violet absorption spectrum of the isolated material in 0.05 nN NaOH was 
almost identical with that of 1-methyluric acid and 1 ,3-dimethyluric acid, 
with a maximum absorption at 295 my and a minimum absorption at 
260 mu. If methylxanthines were present in the precipitate, the concen- 
tration was too low to be detectable by spectrometric analysis. 

After the collection of a 24 hour control urine, a rabbit was given 200 
mg. of caffeine by stomach tube. Two 24 hour postfeeding samples of 
urine were collected. The creatinine excretions of the 3 consecutive days 
were 130, 133, and 139 mg. respectively. The total chromogens excreted 
during the same 24 hour periods were 14.2, 20.8, and 26.8 mg. respectively. 
A chromatographic study of the three urines, made with Solvents A and 
B, indicated that all of the urines contained a slow moving chromogen, 
presumably uric acid, which had an FR, value in both solvents between 
0.22 and 0.32. 1-Methyluric acid and 1 ,3-dimethyluric acid, added to the 
control rabbit urine, gave average Rr values in Solvent A of 0.69 and 0.89 
respectively. The chromatogram in Solvent A of the first 24 hour sample 
of urine collected after the feeding of caffeine indicated the presence of a 
chromogen with an R, value of 0.95 in addition to the slow moving 
chromogen with an Rp of 0.30. In the urine, collected during the second 
24 hours after caffeine feeding, two chromogens with FR» values of 0.89 and 
0.68 in addition to the slow moving chromogen were found. 
Chromatographic analyses of these urines with Solvent B were also made. 
In the first 24 hour postfeeding sample of urine a chromogen was found 
with an average FR, of 0.64. In the second 24 hour postfeeding sample one 
chromogen with an Rr of 0.68 and a second with an FR, of 0.55 were present. 
The Rr values of 1 ,3-dimethyluric acid and 1-methyluric acid added to the 
control rabbit urine were 0.68 and 0.57, respectively, when Solvent B was 


used. 
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From this evidence one may conclude that during the first 24 hour 
period following the feeding of caffeine to a rabbit the chief metabolic 
product of this compound, detectable by our method, was | ,3-dimethyluric 
acid. During the second 24 hour period after caffeine feeding, 1 ,3-dimeth- 
yluric acid, as well as a second chromogen which migrated at approximately 
the same rate as 1-methyluric acid, was found in the urine. Unfortunately 
3-methyluric acid was not added to the control urine of this experiment 
and chromatographed simultaneously with 1-methyluric acid and 1 ,3-di- 
methyluric acid. However, 3-methyluric acid and 1 ,3-dimethyluric acid 
added to another 24 hour sample of control rabbit urine gave Fp values of 
0.78 and 0.91 when chromatographed in Solvent A. Since this latter R,; 
value (0.91) is essentially the same as that obtained previously (0.89) for 
1 ,3-dimethyluric acid added to the control urine of this experiment, an 
Ry of 0.78 for 3-methyluric acid added to the control urine would seem to 
be a reasonable value. It should also be pointed out that, when the 
methyluric acids were dissolved in lithium carbonate, the Rr value of the 
3-methyluric acid (0.67) was intermediate between that of 1-methyluric 
acid (0.54) and 1,3-dimethyluric acid (0.91) when chromatographed in 
Solvent A. The evidence at hand strongly indicates that the chromogen 
in addition to 1 ,3-dimethyluric acid is 1-methyluric acid and not 3-methyl- 
uric acid. 


DISCUSSION 


After the ingestion of caffeine, the human subject used in these experi- 
ments excreted non-uric acid chromogens, 63 per cent of which were pre- 
cipitated by ammoniacal silver reagent. In earlier experiments (5) made 
on three subjects in this laboratory, 80 to 100 per cent of the non-uric acid 
chromogens, which were excreted after oral administration of caffeine, were 
precipitated by this silver reagent. 1-Methyluric acid added to normal 
urine at a level of 110 mg. per liter was recovered to the extent of 87 per 
cent by the silver precipitation procedure. In contrast, 3-methyluric acid 
and 1 ,3-dimethyluric acid, added to normal urine to give a final concentra- 
tion of 200 mg. per liter, were not precipitated by the ammoniacal silver 
reagent. These results indicate that the principal chromogenic compound 
excreted by man after the ingestion of caffeine is 1-methyluric acid. The 
evidence, obtained by paper chromatography, presented in Table I, sup- 
ports this view. The data presented in Table I also indicate that the 
urine collected after caffeine administration may contain some | ,3-dimeth- 
ylurie acid. If 3-methyluric acid is present, the concentration is too low 
to be detected by the chromatographic procedure employed by us. Johnson 
(17) concluded that 1-methyluric acid was present in the urine after caffeine 
ingestion, but he could not detect 3-methyluric acid. His analytical pro- 
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cedure, however, was applied to a precipitate obtained by the addition of 
an ammoniacal silver solution to urine. If, as our work indicated, 3- 
methyluric acid is not precipitated as the silver salt, it would not be 
detected, if present, by the procedure of Johnson. 

After the ingestion of theophylline by the subject of these experiments, 
chromatographic studies, with 3 solvents, demonstrated that part of the 
increase in chromogens was due to | ,3-dimethyluric acid and 1-methyluric 
acid. No evidence for the presence of 3-methyluric acid was obtained. 
These results are, in part, in agreement with those of Brodie et al. (10) who 
were able to isolate 1 ,3-dimethyluric acid from the urine of human subjects 
collected after the ingestion of theophylline, but who were unable to detect 
3-methyluric acid in these urines. These workers stated that approxi- 
mately one-half of the theophylline was excreted as 1 ,3-dimethylurie acid, 
but little, if any, as 1-methyluriec acid. In previous work in this laboratory 
(5) approximately one-half of the increased non-uric acid chromogens ex- 
ecreted by two subjects after the ingestion of theophylline was precipitated 
by the ammoniacal silver reagent. This fraction, as pointed out previ- 
ously, is believed to be 1-methyluric acid. The chromatographic results 
presented here and the report of Johnson (17) give strong support to the 
view that 1-methyluric acid, in addition to 1,3-dimethyluric acid, is an 
important metabolic product of theophylline metabolism in man. 

The oral administration of theophylline to rats was followed by the 
urinary excretion of 1,3-dimethyluric acid and 1-methyluric acid. No 
evidence for the presence of 3-methyluric acid in the urine could be ob- 
tained by the method of chromatography. The absence of 3-methyluric 
acid was to be expected on the basis of the results of Myers and Hanzal (6) 
who failed to detect an elevation in urinary total chromogens when 3- 
methyluric acid was administered intraperitoneally to rats. These workers 
found that 1-methyluric acid administered similarly to rats produced an 
elevation in urinary total chromogens equivalent to the chromogenic value 
of the injected material, which suggested that 1-methyluric acid is excreted 
unchanged. 1,3-Dimethyluric acid augmented the chromogenic value of 
the urine to an extent which suggested that not only was the compound 
excreted but some demethylation to 1-methyluric acid had taken place. 

The material isolated from the urine of a rabbit which received 600 mg. 
of theophylline over a period of 3 days contained uric acid, 1-methyluric 
acid, and 1 ,3-dimethyluric acid. Uric acid was also present in the control 
urine collected before the administration of the theophylline. A direct 
chromatographic study of the 24 hour sample of urine collected after the 
administration of the first 200 mg. dose of theophylline revealed the pres- 
ence of only one additional chromogen, which migrated at a rate similar 
to that of 1,3-dimethyluric acid when it was added to the control urine. 
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Since l-methyluric acid, as well as 1 ,3-dimethyluric acid, was found in the 
material isolated from the pooled urine collected during the entire period 
of theophylline administration, this may indicate that the dimethyluric 
acid is the primary product, which is slowly demethylated at the 3 position. 
A similar result was obtained when the rabbit was fed caffeine. During 
the first 24 hour period after receiving caffeine, the rabbit excreted 1 ,3- 
dimethyluric acid, but during the second 24 hour period both 1 ,3-dimethyl- 
uric acid and a chromogen which behaves chromatographically like 1- 
methyluric acid. 

Since, per mg., the methyluric acids substituted in the 7 position have a 
low chromogenic value, the presence of these compounds would not be 
readily detected by the present methods. It is possible that, after the 
feeding of caffeine, considerable amounts of the 7-methyl-substituted uric 
acids are excreted. Johnson (17) has stated that 7-methyluric acid can 
be detected in the urine of a human subject after ingestion of caffeine. 
Methods for the quantitative measurement of the methyluric acids substi- 
tuted in the 7 position are being investigated in our laboratory. 

It may be noted that Brodie et al. (10) found that when theophylline was 
given to man only a small part was excreted in unchanged form. Although 
no data are submitted in the present paper, it is of interest that, in a series 
of experiments in which rabbits received 190 mg. of caffeine intravenously 
over a period of 3 days, the maximum excretion of caffeine was 13 per cent 
of the amount injected. 


SUMMARY 


After the ingestion of caffeine by a human subject, definite evidence has 
been obtained that 1l-methyluriec acid is excreted in the urine. A small 
amount of 1,3-dimethyluric acid may have been excreted. After caffeine 
was fed to a rabbit, 1,3-dimethyluric acid and probably 1-methyluric acid 
were excreted. After theophylline ingestion by man, the rat, and the 
rabbit, both 1-methyl- and 1 ,3-dimethyluric acids were excreted. 
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By KIVIE MOLDAVE,t RICHARD J. WINZLER,{ ann HAROLD E. PEARSON 
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Previous studies (1, 2) have shown that radioactive carbon from uni- 
formly labeled glucose is incorporated tn vitro into all of the protein-bound 
amino acids except proline and threonine by minced 1 day-old mouse brain. 
Inoculation of such preparations with Theiler’s GD VII mouse encephalo- 
myelitis virus resulted in extensive virus propagation and an increased 
incorporation of radioactivity into all of the labeled amino acids except ly- 
sine and histidine. The distribution of radioactivity in the various amino 
acids was extensive and made difficult the interpretation of the intermedi- 
ary pathways by which this incorporation may have occurred and the nature 
of the reactions affected by virus infection. It seemed possible that a 
study of the corporation of simpler substrates into the protein-bound 
amino acids might be more simply interpreted. In the present study, 
therefore, the extent of incorporation of radioactive carbon from C-labeled 
acetate, formate, and bicarbonate into the protein-bound amino acids of 
mouse brain has been investigated. 


Methods 


Preparation and Incubation of Tissue—50 to 70 mg. of minced 1 day-old 
mouse brain were prepared in sterile 50 ml. Erlenmeyer flasks containing 
3 ml. of Simms’ solution, as previously described (1-4). Incubation was 
for 24 hours at 35°, as in previous experiments. In experiments with radio- 
active acetate, 0.3 mg. of C'4-carboxyl-labeled sodium acetate, containing 
approximately 6,000,000 c.p.m. per mg., was added to each flask. In ex- 
periments with radioactive formate, 0.07 or 0.32 mg. of C'-labeled potas- 
sium formate, containing approximately 11,500,000 c.p.m. per mg., was 
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added to each flask. In experiments with C-bicarbonate, the total bi- 
carbonate in Simms’ solution (6 mg. per flask) contained approximately 
2,000,000 ¢.p.m. In experiments with glucose uniformly labeled with C¥. 
each flask contained 3 mg. of radioactive glucose containing 436,000 ¢.p.m. 
per mg. in place of the glucose ordinarily added to Simms’ solution. The 
flasks to which labeled acetate, formate, or bicarbonate were added also 
contained 3 mg. of inactive glucose from Simms’ solution. 

A strain of Theiler’s GD VII virus obtained from the supernatant fluid 
of virus-infected tissue cultures was added to the infected series of flasks. 
The control flasks received a similar preparation from non-infected tissue 
cultures (5). 


TABLE 
Incorporation of Radioactive Carbon From Glucose, Acetate, Formate, and Bicarbonate 
into Lipide and *‘Protein’’ Fractions of Minced 1 Day-Old Mouse Brain Incubated 
in Presence and Absence of Theiler’s GD VII Virus 
The results are in per cent of the initial radioactivity recovered in each fraction, 
expressed per 100 mg. of tissue. 


| Control | Infected 
Radioactive substrate | | 
| | Protein Lipide Protein Lipide 
| 5 2.3 2.4 2.2 2.4 
| 7 2.4 0.2 2.9 0.1 
| 4 1.0 | 1.3 
| 5 0.2 | 0.3 0.2 0.3 


*0.07 mg. of C'4-labeled potassium formate. 
t 0.32 mg. of C'*-labeled potassium formate. 


Fractionation of Tissue—The protein and lipide fractions were isolated 
and counted as described previously (4, 6). 

Analysis of Amino Acids—The “protein” fraction was hydrolyzed and 
chromatographed on Dowex 50 resin by the procedures of Stein and Moore 
(7, 8). Colorimetric and radioactive analyses of the pooled amino acid 
effuent fractions were carried out as described previously (2). 

Determination of Radioactivity in 1-Carboxyl Groups—2 ml. of the pooled 
amino acid effluent solutions from Dowex 50 resin columns were brought 
to pH 5 with addition of 1 N HCl or NaOH, and were incubated with 2 ml. 
of the ninhydrin solution used for the quantitative determination of amino 
acids (8) at 35° for 48 hours in Conway diffusion cells. The carbon dioxide 
evolved from the 1-carboxyl group was absorbed in 1 ml. of 1 N NaOH 
contained in the center wall of the Conway tube. Decarboxylations car- 
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ried out in this manner agree to within 5 per cent with degradations at 60° 
for 4 hours with aeration of the evolved CO, into 0.01 N NaOH. 


TaBLe II 
Concentrations and Specific Activities of Protein-Bound Amino Acids from Control 
and Virus-Infected 1 Day-Old Mouse Brain Incubated with Radioactive Glucose, 
Acetate, Formate, and Bicarbonate 


Specific activityt 


Amino acid | Glucose Acetate | Formate} 

| bonate, 

Control Infected Control Infected Control Infected control§ 

Aspartic acid.......| 22.0 22.8 4860 6920 2195 2460 100 = 140 720 
Threonine............ 19.6 19.3 0 0 0 0 a 0 
19.4 18.8 1500 3580 SO 60 4680 6840 0 
Glutamie acid.......| 23.1 23.3 4560 7210 5950 7280 630 560 = 690 
34.4 35.8 0 0 360 480 0 0 0 
20.2 19.8 2450 3600 40 40 
411.6 11.6 1830 4100 390 430 
4 8.7 15.2 1010 2750 0 0 1000 1220 0 
21.1 20.9 203 680 0 0 0 

Methionine. ........ 10.7) 11.3 2440 3340 0 0 3230 4920 
Isoleucine. ........... 10.9 11.0 1620 2640. 0 0 0 0 
Tyrosine + phenyl- | | | | | | 

alanine||......... 13.8 14.6 1280 2860 0 0 1580 2170 0 
(16.4 11.6 810 0 1680 1000 2820 0 
Ammonia........... (10.0 83 0 0 0 0 
11.8 12.8 1410 3120 0 0 0 | 0 


*Micromoles per 100 mg. Average of four determinations each. The values 
for all except ammonia agree within 8 per cent of the average. 

t Counts per minute per micromole of amino acid. 

$0.32 mg. per flask of C'*-formate used for chromatographic experiments. 

§ Values for virus-infected cultures incubated with bicarbonate not included in 
this report. 

| Combined values for unresolved tyrosine plus phenylalanine. 

© Total incorporation of C'* into histidine lower in the presence of virus; not 
apparent from specific activity since the amount of histidine is lower. 


Results 


Incorporation of C' from Labeled Glucose, Acetate, Formate, and Bicarbon- 
ate into Total ‘‘Protein’’ and Lipide Fractions—Table I gives the data for 
the extent of incorporation into “proteins” and lipides of radioactive car- 
bon from uniformly labeled C'-glucose, from C™-carboxyl]-labeled acetate, 
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from C'-formate, and from C"-bicarbonate in control and virus-infected 
incubations. Distinctly different relative amounts of incorporation into 
lipides and proteins from the various precursors are apparent, acetate 
giving high and formate low proportions in the lipides. 

The incorporation of C™ from glucose into the “proteins’’ has already 
been shown to be stimulated by virus propagation in this system and js 


TaBLe III 


Radioactivity in 1-Carboxyl Group of Labeled Amino Acids from Minced 1 Day-Old 
Mouse Brain Incubated with Radioactive Glucose, Acetate, Formate, and 
Bicarbonate in Presence and Absence of Theiler’s GD VII Virus 


Per cent C™ in 1-carboxyl group 


Amino acid | 
| Glucose Acetate | Formate _ Bicarbonate 

48 | 0 | 
15 9 | 97 | 93 
36 94 | | 
14 (Half)! | 0 | 
| 20 | 0 
| 43 | | | 
Tyrosine + phenylalanine. .._ 44 | | 0 | 
reyes | 38-47 | 47, 25t | 0 


* Values not included if the amino acid is inactive with that particular substrate, 
or if the activity is too low to permit degradation. 

+ Lower values for histidine from virus-infected cultures. For all other amino 
acids degraded, no differences were found between incubations of control and in- 
fected cultures. 


repeated here. It is also seen that incorporation of C“-formate into this 
fraction is stimulated by virus growth. Virus propagation, however, had 
no effect on the incorporation from C'-acetate or bicarbonate into the 
“protein” fraction. 

Incorporation of C™ from Labeled Glucose, Acetate, Formate, and Bicarbon- 
ate into Individual Protein-Bound Amino Acids—The ‘‘protein’’ fractions 
from representative pairs of experiments with and without virus from in- 
cubations with the various labeled precursors were hydrolyzed and sepa- 
rated on Dowex 50 columns. The amounts and specific activities of each 
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amino acid in these experiments are shown in Table II, examination of 
which shows that the distribution of radioactivity derived from each pre- 
cursor is characteristically different. The occurrence of radioactivity from 
uniformly labeled glucose in all of the amino acids except proline and thre- 
onine previously reported with starch chromatography (1) is again obtained 
with the experiments in Dowex 50 reported here. With C'-acetate, how- 
ever, radioactivity is concentrated in glutamic acid, aspartic acid, and 
histidine, with smaller amounts in alanine, proline, serine, and glycine. 
Other amino acids were inactive. Greenberg and Winnick (9), Abrams 
et al. (10), and Anfinsen eé al. (11) have reported that radioactivity from 
C-carboxyl-labeled acetate is dominantly in the dicarboxylic acid fraction. 

With C'-formate, highest radioactivity was associated with serine, meth- 
ionine, histidine, and tyrosine plus phenylalanine, with smaller amounts in 
cystine, glutamic acid, and aspartic acid. Other amino acids contained no 
radioactivity. Radioactivity from C'-bicarbonate was limited to aspartic 
acid and glutamic acid. 

Some indication of the location of the radioactive carbon in the active 
amino acids was obtained by decarboxylation with ninhydrin and deter- 
mination of the per cent of radioactivity in the l-carboxyl groups. The 
results are shown in Table III. 


DISCUSSION 


It would appear from the results presented above that well known bio- 
chemical reactions may account for the incorporation of radioactive carbon 
from acetate, formate, and bicarbonate into most of the amino acids of 
minced 1 day-old mouse brain in vitro. 

The carboxyl group of acetate, which has been shown by Heidelberger 
and Potter (12) and by Lorber e¢ al. (13) to condense with oxalacetic acid 
to form biologically asymmetric citric acid, should eventually be recovered 
in the carboxyl group of a-ketoglutaric acid distal from the carbonyl group. 
Transamination to a-ketoglutarate would then result in glutamic acid with 
none of the radioactivity in the carboxy] group adjacent to the amino group 
(l-earboxyl). The results in Table III are in accord with this prediction. 
The conversion of a-ketoglutarate through symmetrical succinate to oxal- 
acetate would result in radioactivity equally distributed between its two 
carboxyl groups. This should produce, by transamination, aspartic acid 
with radioactivity evenly distributed between its two carboxyl groups, a 
result also in accord with the data in Table III. The small amount of 
radioactivity experimentally recovered in the 1-carboxyl group of glutamic 
acid might be explained by the recycling of labeled oxalacetate through the 
tricarboxylic acid cycle. 

The reactions leading to the production of pyruvic acid from oxalacetic 
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acid, as described by Wood and Werkman (14), or from malic acid, as de- 
scribed by Ochoa et al. (15), would result in carboxyl-labeled pyruvate, 
which, through transamination, could result in alanine containing all of its 
radioactivity in the carboxyl group, a deduction in accord with Table ITI. 
Anker (16), in studies with carbonyl-labeled and carboxyl-labeled pyruvate, 
has suggested the conversion of pyruvate to glycine through serine. Se- 
rine has been shown by Sakami (17), Shemin (18), and others to form 
glycine. Unfortunately, the amount of radioactivity in these amino acids 
presumably carboxyl]-labeled was insufficient to permit degradation. 

It is not feasible to suggest pathways for the incorporation of radioactive 
carbon from acetate into histidine and proline. The reversal of the reac- 
tion recently shown by Tabor and Hayaishi (19) for the conversion of his- 
tidine to glutamic acid, formate, and ammonia in a bacterial preparation 
seems unlikely in view of the large proportion of C™ in the carboxy] group 
of histidine. Levy and Coon (20) have demonstrated that acetate and 
compounds derived from it, such as glutamate, do not contribute to the 
formation of the 5-carbon chain of histidine. A puzzling problem is the 
finding of C™ from carboxyl-labeled acetate in proline, since radiocarbon 
from glucose is not found in this amino acid. 

The incorporation of radioactive formate into serine, methionine, and 
cystine may be explained by the well known conversion of glycine and 
formate to serine (17, 18, 21), of homocysteine and formate to methionine 
(22, 23), and of homocysteine and serine through cystathione to cysteine 
(24, 25). The absence of radioactivity from the carboxyl groups of serine, 
methionine, and cystine (Table III) would be in accord with these estab- 
lished pathways. 

Radioactive carbon from labeled formate was also found associated in 
small amounts with glutamate and aspartate. The observations that most 
of the C™ in glutamate resided in the l-carboxy] group, while none was 
recovered in the 1l-carboxyl group of aspartate, raised the possibility that 
carbon dioxide fixation was responsible for the labeling of these two amino 
acids. Plaut et al. (26) and Mosbach et al. (27) have observed the produc- 
tion of radioactive carbon dioxide from radioactive formate, and the ap- 
pearance of C' from formate in glutamate and aspartate, presumably by 
CO, fixation, has been noted (26). Carbon dioxide fixation from C™-bicar- 
bonate led only to labeled glutamate and aspartate (Table II). The fixa- 
tion of radioactive carbon dioxide with pyruvic acid, leading to the forma- 
tion of aspartic acid by transamination of the oxalacetate formed, should, 
in the absence of randomization through the dicarboxylic acid shuttle (28), 
result in aspartate labeled only in the carboxy! group distal from the amino 
group. Condensation of the labeled oxalacetate with a 2-carbon interme- 
diate and subsequent conversion to a-ketoglutarate should, by transamina- 
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tion, result in glutamate containing most of its radioactivity in the 1-car- 
boxyl group. Further metabolism of a-ketoglutarate should result in the 
loss of the labeled carbon as carbon dioxide and the formation of inactive 
succinate. The radioactive carbon in aspartate, therefore, would be ob- 
tained from the fixation of carbon dioxide with pyruvic acid and direct 
transamination of oxalacetate, resulting in radioactivity in one position 
only, and not from the metabolic products of labeled oxalacetate formed 
through the tricarboxylic acid cycle. This is again in accord with the ob- 
servations reported in Table III. These results also indicate that random- 
ization of radioactivity through the dicarboxylic acid shuttle does not occur 
in this system to a sufficient rate to be detected. The distribution obtained 
with C'*-bicarbonate is the same as that observed with C'-formate and sug- 
gests that carbon dioxide fixation is responsible for the labeling of the dicar- 
boxylic acids in the presence of radioformate. 

Formation of histidine labeled in the 2 position of the ring from formate 
has been demonstrated (20), and this pathway might explain the high 
amount of radioactivity in histidine as well as the lack of activity in the 
carboxyl group. 

The explanation of radioactivity in the aromatic amino acids has no 
obvious basis in established metabolic pathways. 

The results of the decarboxylations of amino acids obtained from tissue 
cultures incubated with C™-glucose (Table III) suggest that aspartic acid, 
serine, glutamic acid, glycine, alanine, and cystine are uniformly labeled 
with C4. The recovery of approximately 50 per cent of the radioactivity 
in the 1-carboxyl group of isoleucine, leucine, tyrosine and phenylalanine 
(1), and arginine suggests the incorporation of a 2-carbon intermediate from 
glucose, in which case the remainder of the radioactivity should be recov- 
ered in the a-carbon of these amino acids. This should be subject to ex- 
perimental verification on further degradation. All of the radioactivity in 
lysine appeared to reside in the carboxyl group. Approximately one-fourth 
of the activity in methionine has been shown to reside in the methyl group 
and one-fourth in the carboxyl group. The results with histidine have been 
variable and inconclusive. The amount of radioactivity in valine was too 
low to permit degradation. 

The effect of the Theiler’s virus on the incorporation of radioactive car- 
bon from glucose into the various amino acids of minced 1 day-old mouse 
brain have been reported previously (1). The presence of Theiler’s GD 
VII virus appeared to stimulate slightly the incorporation of radioactive 
carbon from acetate into glutamic acid. The incorporation of C™ from 
acetate into histidine, however, was significantly inhibited in the presence 
of the virus, and the difference in C“ uptake from acetate between control 
and infected cultures would thus not be enough to be observed by studies 


le- 

te, | 
its 

e, 

m 

ds 

ve 

is- 

Ip | 
id 

1e 

d 

d 

le 

n 

st 
it 

0 

), 

| 


364 cl’ IN AMINO ACIDS OF BRAIN 


on the incorporation of C'-acetate into the total “protein” fraction shown 
in Table I. The incorporation of radioactive carbon from formate, how- 
ever, was appreciably higher in infected cultures in all of the amino acids 
except histidine. This is in line with the virus stimulation of C'-formate 
uptake into total “proteins” shown in Table I. 

It would appear from these studies that certain metabolic pathways are 
stimulated by infection of 1 day-old mouse brain with Theiler’s GD VII 
virus. Some implications as to which pathways are so stimulated may be 
derived from the differences in behavior of formate as compared to acetate. 


SUMMARY 


The incorporation of radioactive carbon from glucose, acetate, formate, 
and bicarbonate into the various amino acids of control and virus-infected 
minced 1 day-old mouse brain has been investigated. 

Radioactive carbon from acetate was recovered in glutamic acid, aspar- 
tic acid, histidine, alanine, proline, serine, and glycine. Propagation of 
Theiler’s GD VII virus inhibited the incorporation of C* into histidine but 
did not markedly affect the rest of the labeled amino acids. 

Radioactive carbon from formate was recovered in serine, methionine, 
histidine, tyrosine plus phenylalanine, cystine, glutamic acid, and aspartic 
acid. In the presence of Theiler’s GD VII virus, the incorporation of C" 
into serine, methionine, tyrosine plus phenylalanine, and cystine was stim- 
ulated, while incorporation of C™ into histidine was inhibited. Aspartic 
acid and glutamic acid were not affected. 

Radioactive carbon from bicarbonate was recovered in aspartic acid and 
glutamic acid only. 

Radioactivity from glucose was converted to all of the amino acids ex- 
cept proline and threonine; infection with Theiler’s GD VII virus stimu- 
lated the incorporation of C™ into all of the labeled amino acids except 
histidine and lysine, which were inactive in the presence of the virus, as 
previously reported (1). 

These results have been interpreted in terms of established metabolic 
pathways. 
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IDENTIFICATION OF a-AMINOBUTYRIC ACID ENZYMATI- 
CALLY FORMED FROM THREONINE* 


By OLIVER G. LIEN, Jr., ann DAVID M. GREENBERG 


(From the Department of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, August 11, 1952) 


A compound provisionally identified as a-aminobutyric acid (ABA) was 
recently isolated by the authors from rat liver preparations which had been 
incubated with pi-threonine-1 ,2-C™ and also from the livers of rats which 
had been injected with that compound 20 minutes prior to sacrificing the 
animal (1). The tentative identification of the few micrograms obtained 
in these experiments was based almost totally upon chromatographic evi- 
dence. In order to verify the previous identification, a large scale enzy- 
matic preparation of this compound was performed and an amount was 
obtained sufficient to secure a micro-Kjeldahl nitrogen determination, the 
infra-red spectrum, and to perform a chemical degradation. The evi- 
dence obtained, upon which the identification is now based, is presented 
here. A large scale incubation was also carried out with N-labeled pti- 
threonine in order to determine whether or not this transformation involved 
a deamination. The data obtained indicate that deamination and ream- 
ination are involved. 


EXPERIMENTAL 


It was observed that the yield of ABA was much higher when threonine 
was incubated with a rat liver homogenate! in KCI-KHCO,; buffer than 
when the incubation was carried out in the cytoplasmic macro granule 
system of Peterson and Greenberg (2). Accordingly, the former system 
was used. 

Incubations—Long-Evans rats (male and female, over 150 gm. in weight) 
were sacrificed in two lots of thirty and twenty-two each. The livers were 
removed rapidly, washed in ice water, and then chilled on ice. These were 
homogenized in an equal volume of oxygenated 0.12 m KCI-0.04 m KHCO,; 
buffer as soon as possible. After centrifugation, to remove the coarse 
particles, 50 ml. portions of the homogenate were placed in 250 ml. glass- 
stoppered Erlenmeyer flasks, each containing 50 mg. of threonine to which 
asmall amount of radioactive threonine had been added. After flushing 


* Aided by research grants from the American Heart Association and the Life 
Insurance Medical Research Fund. 
Unpublished data. 
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the gas phase with a 95 per cent Oc-5 per cent COz2 mixture, the flasks were 
stoppered and incubated with shaking for 90 minutes at 37°. Further 
treatment of the incubation mixture in preparation for separation of the 
ABA by column chromatography is as described by Lien and Greenberg (1), 

Incubation of the N’*-labeled threonine (11.51 atom per cent excess (3)) 
was performed as described above; the livers of twenty rats were used and 
a concentration of 0.15 mg. of pL-threonine per ml. of homogenate. A 
tracer amount of radioactive threonine was added. 

Chromatographic Separation—The technique of separation by column 
chromatography was varied from that previously described (1) in that 
repeated fractionations were necessary because of the size of the sample 
and the presence of a ninhydrin-positive peak which slightly preceded and 
overlapped the ABA peak. The first separation was carried out on a column 
30 cm. X 23 mm. The ABA peak was located by assaying the fractions 
for radioactivity and was checked by paper chromatography as previously 
described (1). The material defined by the radioactive peak contained 
ninhydrin-positive compounds which overlapped but were not superim- 
posed. By repeating the chromatographic separation twice on columns 
55 em. X 17 mm. and finally on a column 110 em. X 12 mm., it was pos- 
sible to effect a complete removal of the non-radioactive component with- 
out sustaining a prohibitive loss of the ABA. The material thus prepared 
was recrystallized from an ethanol-water solution. 22 mg. of ABA were 
secured from the incubation of 500 mg. of inert pL-threonine and 2.3 mg. 
were obtained from the incubation of 30 mg. of the N'-threonine. 

Identification by Column Chromatography—A small amount (1 mg.) of 
highly active material presumed to be ABA (prepared by a small scale 
incubation) was mixed with 10 mg. of known DL-a-amino-n-butyric acid 
and chromatographed on a 9mm. X 110 cm. column of Dowex 50. The 
curve of elution was determined both by a column radiograph and by the 
photometric ninhydrin method of Moore and Stein (4). The results are 
presented in Fig. 1. 

Identification by Paper Chromatography—By the methods previously de- 
scribed (1), the isolated compound was found to have the same Fy values 
as a known sample of ABA. A radioautograph of a two-dimensional paper 
chromatogram of a small amount of the isolated material (high specific 
activity) mixed with known ABA exhibited a coincidence of the radio- 
activity and the ninhydrin spot. 

Nitrogen Determination—Quadruplicate determinations on 1 mg. sam- 
ples of the isolated material and on similar samples of known ABA gave 
the following results (average + average deviation), in per cent nitrogen: 
isolated material, 13.36 + 0.14; known a-amino-n-butyric acid, 13.40 + 
0.32; calculated for a-amino-n-butyric acid, 13.59. 
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Infra-Red Spectra—The infra-red spectra of the isolated compound, of 
pL-a-amino-n-butyric acid, and of L-a-amino-n-butyric acid? were deter- 
mined on a Baird Associates instrument. The infra-red spectra of the 
isolated compound and of the L-a-amino-n-butyrie acid are presented in 
Fig. 2. The spectrum of the isolated compound resembles that of the 
L-a-amino-n-butyric acid more closely than it resembles the spectra of 
either DL-a-amino-n-butyric acid or a-aminoisobutyric acid. 
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Fic. 1. Comparison of curves of radioactivity and ninhydrin color of a-amino-n- 
butyric acid isolated by chromatographic separation on Dowex 50. O, radioactive 
values; A, ninhydrin color values. 


Degradation—N-Bromosuccinimide was used to degrade the radioactive 
isolated compound (6). The carbon dioxide was trapped in Ba(OH)2 and 
the aldehyde was trapped in 2,4-dinitrophenylhydrazine. The BaCO; and 
the 2 ,4-dinitrophenylhydrazone contained approximately equal amounts of 
radioactivity, but, since the distribution of the radioactivity in the threo- 
nine was not known, no attempt was made to determine the absolute distri- 
bution of radioactivity in the isolated compound. Attempts to purify the 
2,4-dinitrophenylhydrazone both by recrystallization and by chromatog- 
raphy on silica gel (7) were unsuccessful. Attempts to prepare the 2,4- 


?The value of the optical rotation of the L-a-aminobutyric acid sample in 6 N 
HCl was [a]> = +20.64°; the value reported in the literature is la]Jp = +20.6° (5). 
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dinitrophenylhydrazone of propionaldehyde and of propionaldehyde ob- 
tained by N-bromosuccinimide degradation of known ABA were similarly 
unsuccessful. 

The 2 mg. of ABA obtained from the incubation of the N'®-labeled 
threonine were diluted with 8 mg. of known ABA. The N!® atom per 
cent excess in this sample, determined in a Consolidated-Nier mass spec- 
trometer, was found to be 0.12. This is approximately 5 per cent of the 
value which would be expected if deamination did not occur. There is no 
possibility that endogenous a-aminobutyric acid could have caused exten- 
sive dilution. 
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Fic. 2. Comparison of the infra-red spectrum of isolated a-amino-n-butyric acid 
with an authentic sample. A, experimentally isolated compound; O, authentic 
sample of L-a-aminobutyric acid. 


DISCUSSION 


The evidence which has been presented indicates that the material is 
a-amino-n-butyric acid. The infra-red spectrum supports the possibility 
that it is the L isomer which is being formed. 

The fact that a deamination step is involved is indicative that the trans- 
formation proceeds by way of a-ketobutyric acid, followed by transamina- 
tion toform ABA. The mechanism of formation of the a-ketobutyric acid 
can be visualized as following the steps postulated by Chargaff and Sprin- 
son (8) for the formation of pyruvic acid from serine. The formation of 


CH; ~ CH; CH; CH, 
| | | | 
Trans- 
CHNH, CNH, C=NH C=0 CHNH; 
| | | | 
COOH COOH COOH COOH COOH 


a-ketobutyric acid from threonine has been found to take place in cell-free 
extracts of Neurospora crassa (9). 
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We are indebted to Dr. K. Freeman of the Radiation Laboratory, Uni- 
versity of California, for determining the infra-red spectra; to Dr. C. C. 
Delwiche of the Division of Plant Biochemistry, University of California, 
for the mass spectrometer determinations; to Dr. Richard Fineberg of this 
department for the micro-Kjeldahl determinations; and to Mr. D. Gross 
for the preparation of the L-a-amino-n-butyric acid. 


SUMMARY 


1. a-Amino-n-butyric acid is shown to be formed during the incubation 
of threonine in rat liver homogenate. 

2. Evidence is presented to indicate that this process involves a deamina- 
tion and subsequent transamination. 
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PARTIAL PURIFICATION AND SPECIFICITY OF 
IMINODIPEPTIDASE* 


By NEIL C. DAVISf anp EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah College 
of Medicine, Salt Lake City, Utah) 


(Received for publication, June 18, 1952) 


Grassmann et al. (1, 2) ascribed the hydrolysis of prolylglycine and prolyl- 
glycylglycine to an enzyme which they named prolinase. Johnson (3) 
questioned the existence of an enzyme specific for proline peptides since 
partially purified preparations of aminopeptidase could hydrolyze proly|- 
glycylglycine. More recently Neuman and Smith (4) demonstrated that 
an enzyme in swine kidney could hydrolyze prolyl and hydroxyproly! di- 
peptides, and that the enzyme is activated by cadmium ion as well as by 
manganous 

This extremely labile enzyme has now been purified 30-fold. Specificity 
studies demonstrate that the action of the purified enzyme is restricted to 
dipeptides which possess the free imino group of proline or hydroxyproline. 
The enzyme has no action on amides of these imino acids or on the tripep- 
tides, L-prolylglycylglycine, hydroxy-.-prolylglycylglycine, and glycyl-.- 
prolylglycine.!. In view of the restricted specificity of this enzyme, we are 
naming it iminodipeptidase. The older name, prolinase, which indicates 
amuch more general action, is inappropriate and misleading. 

The synthesis of several new di- and tripeptides containing L-proline 
and hydroxy-L-proline is described. 


Enzymatic Studies 


Methods—All the experiments were performed at 40° in 2.5 ml. volumet- 
ric flasks. The test solutions contained 0.05 m substrate and 0.001 m 
MnClo. The buffers used were Veronal at pH 8.0 for experiments on the 
crude preparations, or a mixed buffer composed of tris(hydroxymethy]l)- 
aminomethane (Tris) and cacodylate at pH 8.5 for the purified enzyme. 
The extent of hydrolysis was determined by the titration method of Grass- 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. 

t Public Health Service Postdoctorate Research Fellow of the National Cancer 
Institute. 

‘Unpublished studies (Adams, Davis, and Smith) have shown that the first two 
tripeptides are hydrolyzed by tripeptidase (aminotripeptidase) in agreement with 
the earlier study of Johnson (3) with pi-prolylglycylglycine. 
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mann and Heyde (5). The results are given either as per cent hydrolysis 
or as the zero order proteolytic coefficient (C°) defined as the per cent 
hydrolysis per minute per mg. of protein nitrogen per ml. The protein 
nitrogen was determined by the procedure of Biicher (6). The method 
was calibrated with a solution of human serum albumin of known nitrogen 
content. It is assumed that the kidney proteins have an average content 
of 16 per cent nitrogen. The number of units of activity (for L-prolyl- 
glycine) is defined as the C°® value multiplied by the number of mg. of 
protein N in the fraction. 

Appropriate controls with the enzyme alone or with the substrates alone 
showed no autolysis or spontaneous hydrolysis. 

Purification—Preliminary studies indicated that this extremely labile 
enzyme could be stabilized by Mn**. All later fractionations were per- 
formed in the presence of this ion. 

Fresh swine kidney cortex (2.5 kilos) was coarsely ground in the cold in 
a meat grinder. (An assay of the water-soluble fraction at this stage gave 
C® = 14.) This material was homogenized in portions for | minute in a 
Waring blendor with an equal volume of 53.3 per cent ethanol at —5°. 
The final alcohol concentration was then raised to 45 per cent by the addi- 
tion of 1 liter of 95 per cent ethanol at —5°. The mixture was centrifuged 
for 1 hour at 2500 r.p.m. and the soluble fraction was discarded.? The 
precipitate was washed at —5° with absolute ethanol, followed by acetone; 
the powder was then air-dried in the usual manner. There resulted 500 
gm. of a tan-colored powder which retained its activity for 6 weeks at 5°. 

An extract of 200 gm. of the powder was made by adding 20 volumes of 
water at room temperature and adjusting the pH to 7.8 with 0.1 m sodium 
hydroxide, and was filtered through Hyflo filter aid. The solution gave 
C® = 14 and contained 10,000 units.2 The clear filtrate was cooled to 2° 
and adjusted to a concentration of 70 per cent ethanol by the addition of 
absolute ethanol at — 10°, and to 0.02 mM MnCl, by the addition of the solid 
salt. The resulting precipitate was collected by centrifugation, dissolved 
in water, frozen, and dried in vacuo. The dried powder (10 gm.) gave 
C°® = 59 (assayed at pH 8.0) in quantitative yield. 

The powder (6 gm.) was extracted with 400 ml. of 0.02 mM manganous - 
chloride at pH 7.8 for 30 minutes and the preparation filtered through 
Hyflo filter aid. The clear reddish filtrate was cooled in an alcohol-dry 


2 The 45 per cent ethanol supernatant solution is a rich source of partially purified 
prolidase. The purification of this enzyme will be described later (Davis and Smith, 
unpublished observations). 

3 Although the dehydration and defatting by treatment with alcohol and acetone 
give no significant change in C°, these steps are essential for future purification. 
Attempted fractionations of aqueous extracts of swine kidney which omit this pro- 
cedure have been uniformly unsuccessful. 
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ice bath while 162 ml. of absolute ethanol were added at —30° to bring 
the aleohol concentration to 35 per cent. After 1 hour, the precipitate was 
removed by centrifugation. The clear, amber fluid was frozen and dried 
under reduced pressure to yield 1.7 gm. of powder with C° = 108 (assayed 
at pH 8.0), representing an 81 per cent yield of the starting material for 
this step. 

A portion of this powder (300 mg.) was extracted with 3 ml. of cold 0.02 
uw manganous chloride at pH 7.8 and centrifuged. To the clear centrifu- 
gate was added an equal volume of 95 per cent ethanol at —20°. After 
30 minutes, the precipitate was collected by centrifugation and washed 
once with cold 48 per cent ethanol. It was then dissolved in water, frozen, 
and dried to give 30 mg. of material with a C® = 394 when assayed at pH 
8.5. The yield of this step is 80 per cent. 

The enzyme has been purified about 30-fold and obtained in an over-all 
yield of 68 per cent calculated from the portion of starting material carried 
through to this point. However, the calculated yield is somewhat high 
since the pH optimum shifts from pH 8.0 for the crude fractions to a more 
alkaline value with the final fraction described (see below). 

Effect of pH—Ffarlier work (4) indicated a rather sharp optimum at pH 
8.0 for the crude preparation of the swine kidney enzyme in the presence 
of Mn++. This is not the case for the purified preparation. 

For tests with the purified enzyme, it was desirable to use an assay 
medium which would cover the range from pH 6.0 to 10, without reflecting 
the possible effects of different buffers on the enzyme activity. A mixed 
buffer of Tris and cacodylate was found to be satisfactory. In Fig. 1 the 
titration curve is shown for such a buffer containing 0.1 m Tris and 0.1 m 
cacodylate. The curve is essentially linear over the desired pH range. 
Appropriate controls with 0.1 mM Tris or with 0.1 mM Veronal at different pH 
values showed that the mixed buffer had no effect on the activity of the 
enzyme. 

The effect of pH on the hydrolysis of L-prolylglycine (PG) and hydroxy- 
L-prolylglycine (HPG) is shown in Fig. 2 as a percentage of the values 
found at pH 9 for both substrates. Both curves resemble titration curves. 
For the hydrolysis of PG, the curve fits the theoretical equation for the 
titration of one ionic group. The curve for the action of the enzyme on 
HPG is more complex and may involve the modification of more than one 
ionic group. The mid-points of these activity curves are at pH 7.8 for PG 
and at pH 8.2 for HPG. These values are not the pK of the imino groups 
of the two substrates; titration of the peptides gave pK’ = 8.8 for PG 
and pK’ = 7.8 for HPG. 

The insert of Fig. 2 shows the activity plotted as the absolute value of 
log C° versus pH and indicates that the enzyme gives identical rates with 
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both substrates up to pH 8.0. The rate of hydrolysis continues to increase 
for HPG at more alkaline pH values. It is apparent that the ratio of pro- 
teolytic coefficients for the two substrates depends upon pH;; this effect 
must be considered when such ratios are used for a comparison of enzymes 
from different sources or of fractions from the same tissue. 
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pH 
Fic. 1. Titration of Tris-cacodylate buffer (0.1 m in each) with 1 N HCl. The 
buffer was made by dissolving 1 gm. of cacodylic acid and 10 gm. of sodium cacodylate 
in 300 ml. of 0.2 m Tris and diluting to 600 ml. For the titration, hydrochloric acid 
was added to 2 ml. of the buffer and the solution diluted to 4 ml. with water. 
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Fic. 2. The effect of pH on the action of partially purified iminodipeptidase on 
L-prolylglycine (PG) and hydroxy-t-prolylglycine (HPG). Both substrates were 
assayed at 0.05 m concentration. All tests were performed in the presence of 0.001 
M Mn** and 0.04 m Tris-cacodylate buffer. 
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If one assumes, in line with similar suggestions for other metal-peptidases 
(7, 8), that the Mn** of iminodipeptidase acts as a ligand in forming a 
chelate complex both with enzyme and with substrate, pH will have a 
large effect in determining the extent of such complex formation. In- 
crease Of pH will remove protons from amino (or imino) and imidazole 
groups of the protein, and from the imino group of the substrate. Greater 
complex formation will occur with Mn++ when the ligating groups are 
uncharged. With all other factors remaining constant, the greatest en- 
zymatic activity will be observed at that pH at which maximal coordina- 
tion can occur. Thus, the pH-activity curve will reflect the titration of 
the group or groups which give up their protons at the highest pH values. 
Although it is likely that the primary effect of pH on the assay of imino- 
dipeptidase is on the enzyme rather than on the substrates, the picture is 
complicated by the poor stability of the enzyme above pH 9. 

Specificity—A comparison of the specificity of the fully activated crude 
and purified enzyme preparations is shown in Table I. With the purified 
preparation, it is evident that there is no detectable action on any of the 
tripeptides which contain proline or hydroxyproline or on the amides of 
these imino acids; only the dipeptides are hydrolyzed. 

In Table IT, the specificity can be seen to be restricted even with respect 
to dipeptides. It is noteworthy that the acidic dipeptides, L-prolyl-L- 
aspartic acid, acid, and hydroxy-.-prolyl-.- 
glutamic acid, are completely resistant to the action of the purified enzyme. 
However, prolyl or hydroxyprolyl dipeptides containing either aliphatic or 
aromatic acid are hydrolyzed rapidly. 

Tests of the action of the partially purified iminodipeptidase on known 
substrates of other peptidases have shown that tripeptidase is absent, as 
indicated by a failure to hydrolyze triglycine (Table I). Likewise, there 
is negligible hydrolysis of L-leucinamide, a substrate of leucine aminopep- 
tidase. However, the extensive hydrolysis of glycyl-L-proline, L-prolyl-L- 
proline, and L-prolylhydroxy-ut-proline should be ascribed to the presence 
of contaminating prolidase, since it has now been established by Adams and 
Smith (9) that prolidase hydrolyzes these three peptides. Moreover, the 
relative activity toward these three compounds of the present kidney prep- 
aration and of a kidney prolidase free of iminodipeptidase? is almost iden- 
tical with that observed for erythrocyte prolidase. Nevertheless, it is not 
yet possible to exclude completely some slight action of the iminodipep- 
tidase on these compounds, although this appears to be highly unlikely. 
From the results given in Tables I and II, the specificity of iminodipepti- 
dase is rather sharply defined. It has been previously demonstrated (4) 
that the free imino group of proline or hydroxyproline is essential. This 
conclusion is also indicated by the resistance to hydrolysis of glycyl-.L- 
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prolylglycine. The failure to hydrolyze either the amides of the imino 
acids or the tripeptides, L-prolylglycylglycine and hydroxy-.-prolylglycyl- 
glycine, clearly indicates that the enzyme is in fact an iminodipeptidase, 
In summary, the structural requirements for substrates of iminodipep- 
tidase indicate that only dipeptides which possess both a free a-imino and 
a free a-carboxyl group adjacent to the sensitive bond are hydrolyzed. 
In view of the limited specificity of the iminodipeptidase, it is useful to 
present the action of a crude aqueous extract of swine kidney prepared by 


TABLE I 


Comparison of Crude and Purified Iminodipeptidase on Peptides of Proline and 
Hydroxy proline 

All assays were made with 0.05 m substrate at 40° in 0.04 m Veronal buffer at pH 
8.0 for the crude enzyme, and in 0.04 m Tris-cacodylate buffer at pH 8.5 for the 
purified preparation. Hydrolysis is given as the zero order proteolytic coefficient 
(C°) calculated as per cent hydrolysis per minute per mg. of protein N per ml. For 
the first two substrates, the enzyme concentration was 0.026 mg. for the crude prep- 
aration and 0.0026 mg. of protein N per ml. for the purified; for the other substrates 
10 times the concentration of purified enzyme was used. All the tests were per- 
formed in the presence of 0.001 Mm MnCl.. 


Crude Purified 
Hydroxy-u-prolylglycine.................... 12 570 
Hydroxy-u-prolylglycylglycine.............. 5 0 
1 0 
1 0 


- the method of Neuman and Smith (4); this is shown in Table III. The 
hydrolysis of t-prolinamide is activated by both Mn++ and Cd**, whereas 
the scission of hydroxy-L-prolinamide is activated by Mnt+ but is unaf- 
fected by Cd*++. These actions cannot be ascribed to iminodipeptidase. 
The hydrolysis of these amides is not due to leucine aminopeptidase since 
this enzyme is strongly inhibited by Cd+* (4). Moreover, there is no lag 
period in the activation by Mn** of the hydrolysis of these amides, whereas 
the aminopeptidase consistently shows such a lag period with all substrates 
(7, 10). The optically specific hydrolysis by kidney extracts of L-prolin- 
amide has been used by Hamer and Greenstein (11) for the resolution of 
the pt mixture. The strong metal activation shown in Table III will be 
useful in such preparative studies. 
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Tripeptidase is not activated by metal ions (10, 12, 13) and is strongly 
inhibited by Cd** (12, 13). Although hydroxy-.-prolylglycylglycine is 
hydrolyzed by tripeptidase,' the strong activation by Mn** shown in Table 
III suggests an action by a second enzyme which is activated by Mn** and 
which is not inhibited by Cd**. It may also be noted that glycyl-L- 
prolylglycine is hydrolyzed by the crude extract but is completely resistant 


II 
Specificity of Crude and Purified Iminodipeptidase 
The assays were made with 0.05 mM substrate at 40° in 0.04 m Veronal at pH 8.0 
for the crude enzyme and in 0.04 mM Tris-cacodylate at pH 8.5 for the purified prep- 
aration. The enzyme concentration was 0.026 mg. of protein N per ml. for the 
crude and 0.0043 mg. for the purified enzyme. All the test solutions contained 
0.001 M MnCls. 


Co 
Substrate 
Crude* | Purified 
L-Prolyl-L-aspartic acid..................... | 2 | OF 
12 570 
13 250 
| 8 120 
| 6 330 
| 6 360 
Hydroxy-u-prolyl-L-aspartic acid............ | 2 OF 
acid........... | 3 Ot 
| 18 


* These values are taken from the work of Neuman and Smith (4) and are shown 
in order to facilitate a comparison with the present results. 
t These tests were made with 10 times the amount of enzyme used for the other 


substrates. 


to the three known enzymes which cleave peptides containing proline; 7.e., 
iminodipeptidase, prolidase (9), and tripeptidase.! The hydrolysis of hy- 
droxy-L-prolylglycylglycine, glycyl-L-prolylglycine, and the imino acid am- 
ides must be ascribed to the presence of hitherto undescribed enzymes 
whose specificity is unknown. 


Preparation of Peptides 


In the course of synthesizing some of the peptides used in specificity 
studies, a test was made of the applicability of the mixed anhydride of 
carbonic acid with carboxylic acids used by Vaughan and Osato (14) and 


| 
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Boissonnas (15) as coupling agents in the preparation of peptides of pro- 
line and hydroxyproline. In our hands, the method gives slightly lower 
yields than the classical procedures but is faster and simpler. 

The synthesis of carbobenzoxy-.L-prolyl-L-proline (16) and carbobenzoxy- 
L-prolylhydroxy-t-proline (4) has been described. In earlier work, the 
hydrogenation of these compounds has yielded diketopiperazines rather 
than the expected dipeptides. .-Prolyl-L-proline and L-prolylhydroxy-t- 
proline have now been obtained by performing the hydrogenation under 
anhydrous conditions in the presence of an ethanol-acetic acid mixture. 
The identity of these dipeptides was established by analytical criteria and 


TABLE III 
Action of Crude Kidney Extract on Amides and Tripeptides 


All the assays were made with 0.05 m substrate at 40° in 0.04 mM Veronal buffer at 
pH 8.0. The enzyme concentration is in mg. of protein N per ml. 


| | | Hydrolysis 
Enzyme | 
Substrate Time  concentra- | 
| | | 0.001 Cd** 
| min | per cent | per cent ! per cent 
| 1200.38 60 90 77 
Hydroxy-t-prolinamide.........., 195 | 0.38 14 50 14 
19) | 0.19 6 
Hydroxy-u-prolylglycylglycine.... 195 0.19 | 35 140 33 
| 120 | 0.38 | 180 


| | | 


by the fact that both compounds are completely hydrolyzed by prolidase 
as mentioned above (also see Adams and Smith (9)); the corresponding 
diketopiperazines are completely resistant to enzymatic action. 

It may be expected that the tendency of other carbobenzoxy derivatives 
of proline and hydroxyproline peptides to yield cyclic products may now 
be circumvented. 

Ethyl Ester; Azide Method—5 
gm. of carbobenzoxyhydroxy-t-proline hydrazide were converted to the 
azide as previously described (10). The washed ethyl] acetate solution of 
the azide was added at 0° to an ethy!] acetate solution of glycylglycine 
ethyl ester prepared from 3.6 gm. of the hydrochloride, and the mixture 
was allowed to stand overnight at room temperature. The needles were 
washed with cold ethyl acetate and ether. Yield, 3.4 gm. (46 per cent); 
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m.p., 144-145°. Another 1.7 gm. were obtained from the mother liquor 
after concentration in vacuo, making the total yield 70 per cent. 

Mixed Anhydride Method—Carbobenzoxyhydroxy-.t-proline (5.3 gm.) in 
10 ml. of chloroform was cooled and 2.8 ml. of triethylamine were added. 
The solution was cooled to —5° and 3.8 ml. of isobutyl chlorocarbonate 
were added dropwise with shaking. After 30 minutes, a chloroform solu- 
tion of glycylglycine ethyl ester prepared from 4.0 gm. of the hydrochloride 
was added; the mixture was allowed to stand overnight at room tempera- 
ture and was then concentrated to dryness in vacuo. The residue was ex- 
tracted with two 50 ml. portions of hot ethyl acetate. The extracts were 
washed consecutively with dilute HCl, water, dilute bicarbonate, and wa- 
ter; the solution was dried over sodium sulfate and concentrated to dryness 
in vacuo. The product was washed with ether. Yield, 3.0 gm. (38 per 
cent); m.p., 144-145°. 

CisH2;07N;. Calculated. C 56.0, H 6.2, N 10.3 


407.4 Found. ** 56.1, 6.2, 10.6 
[a]> = —11.1° (1% in ethanol) 


Carbobenzoxyhydroxy-L-prolylglycylglycine—3 gm. of the above ester were 
suspended in 20 ml. of water and 8 ml. of 1 N sodium hydroxide were added 
in four portions over a period of 20 minutes. After an additional 10 min- 
utes, the solution was acidified to Congo red with 6 N hydrochloric acid 
and concentrated to dryness in vacuo. The residue was extracted with 
two 100 ml. portions of hot absolute ethanol and the extracts were concen- 
trated to an oil which crystallized from warm acetone. The product was 
washed with ether to yield 2.5 gm. (90 per cent); m.p., 159.5-160°. 


Ci7H2,07N3. Calculated. C 53.8, H 5.6, N 11.1 
379.4 Found. ‘* 53.6, ** 5.8, ** 11.4 
[a]b = —53.9° (1% in water) 


Hydroxy-L-prolylglycylglycine—The carbobenzoxy tripeptide (2.5 gm.) 
was dissolved in 20 ml. of methanol containing 3 ml. of water and 1 ml. of 
glacial acetic acid, and hydrogenated in the presence of palladium. The 
product crystallized during the reduction. The catalyst was filtered from 
the warmed solution. The platelets which crystallized from the chilled 
solution were washed with ether and air-dried. Yield, 1.60 gm. (98 per 
cent); m.p., 216-217°, with decomposition. 


CyH;,0;N3-2H-O. Calculated. C 38.4, H 6.8, N 14.9 
fa]J> = —13.2° (1% in water) 
Carbobenzoxy-L-prolylglycylglycine Ethyl Ester—Carbobenzoxy-.-proline 
(3.8 gm.) was suspended in 8 ml. of chloroform at —5° and 2.2 ml. of tri- 
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ethylamine were added, followed by 2.0 ml. of isobutyl chlorocarbonate 
added dropwise. After 30 minutes the solution was mixed with chloro- 
form solution of glyeylglycine ethyl ester prepared from 3 gm. of the hydro- 
chloride and, after 12 hours at room temperature, the mixture was concen- 
trated in vacuo. The oily residue was extracted with two 100 ml. portions 
of ethyl acetate and the combined extracts were washed and dried in the 
usual manner. After concentration of the ethyl acetate solution to about 
40 ml., crystallization was induced by scratching and cooling. The prod- 
uct was washed with cold ethyl acetate and ether. Yield, 3.7 gm. (62 per 
cent); m.p., 120—-120.5°, after recrystallization from ethyl] acetate. 


Cy 9He,OgNs. Caleulated. 58.3, H 6.4, N 10.7 
391.4 Found. ‘* 58.6, ‘‘ 6.6, ‘* 10.9 
la]—B = —23.1° (1% in ethanol) 


Carbobenzoxy-L-prolylglycylglycine—The above ester (3.91 gm.) was sa- 
ponified for 1 hour at room temperature in an acetone-water mixture with 
11 ml. of 1 N sodium hydroxide. The mixture was acidified to Congo red 
with 6 x hydrochloric acid. When the acetone was removed in vacuo, an 
oil separated which was extracted into chloroform. The chloroform solu- 
tion was concentrated in vacuo to a thick oil and then ethyl acetate was 
added and the concentration was repeated. The product, which crystal- 
lized from a few ml. of ethyl acetate, was washed with cold ethy! acetate 
and ether. Yield, 2.1 gm. (57 per cent); m.p., 134-135°. 

CyHunO-gN;. Calculated. C 56.3, H 5.8, N 11.6 
363.4 Found. "6a, “ 
la]B = —56.0° (1% in water) 

L-Prolylglycylglycine—The above compound (2.0 gm.) was reduced as 
already described. The tripeptide crystallized during the hydrogenation. 
After removal of the catalyst, the solution was concentrated in vacuo and 
ethanol added. The product was washed with cold ethyl acetate and ether 
and air-dried. Yield, 1.1 gm. (86 per cent); m.p., 211—212°, with decom- 
position. 

CoHi;sO4.N3. Calculated. C 47.1, H 6.6, N 18.3 


229.2 Found. 47.1, 6.6, 18.4 
la]B = —22.1° (1% in water) 


Carbobenzoxyglycyl-L-prolylglycine—6.15 gm. of carbobenzoxyglycyl-t- 
proline (17) were dissolved in 10 ml. of ethyl acetate by adding 2.8 ml. of 
triethylamine. The solution was cooled to —5° and 2.62 ml. of isobuty! 
chlorocarbonate were added slowly. After 30 minutes, an ethy! acetate 
solution of glycine ethyl ester prepared from 3.07 gm. of the hydrochloride 
was added and the mixture was allowed to stand at room temperature 
overnight. The solution was concentrated to dryness in vacuo and ex- 
tracted with two 100 ml. portions of ethyl acetate. The extracts were 
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combined and washed in the usual manner and concentrated to yield 5.0 
gm. of a thick gum (64 per cent yield). The ester was saponified in aque- 
ous acetone with 14 ml. of 1 N sodium hydroxide for 30 minutes at room 
temperature. The solution was then acidified, the acetone removed, and 
the product extracted into ethyl acetate. After extraction of the ethy] 
acetate with 1 N potassium bicarbonate and acidification of the latter, a 
crystalline product was obtained. This was recrystallized from hot ethy] 
acetate. Yield, 2.0 gm. (27 per cent); m.p., 144-145°. Simmonds and 
Fruton (18) give 136-137° for this compound prepared by a different 
method. 
Ci7HaOgN;. Caleulated. C 56.3, H 5.8, N 11.6 


363.4 Found. 66.2, 5.8, ** 11.8 
la]p = —80.9° (1% in water) 


Glycyl-L-prolylglycine—The above compound (1.75 gm.) was reduced 
as described above. The product crystallized during the hydrogenation. 


The catalyst was removed and absolute ethanol was added to the warmed 
filtrate. Yield, 1.0 gm. of very long needles which were air-dried. 


CyHis0O.N3-1$H.O. Caleulated. C 42.2, H 7.1 


256.3 Found. 42.0, 74 
lalp = —108.4° (1% in water) 
Simmonds and Fruton (18) report [a]?? = —109.2° (2 per cent in water) 


for this substance. 

L-Prolyl-u-proline—3 gm. of (16) were 
hydrogenated for 6 hours in 5 ml. of glacial acetic acid and 50 ml. of abso- 
lute ethanol. After removal of the catalyst, the solution was repeatedly 
concentrated to dryness in vacuo with ethanol. The substance was then 
dried under reduced pressure over P2O; and crystallized by the addition of 
ethyl acetate and ether. Yield, 1.0 gm. (51 per cent) of small needles. 


CoH 6OgNoe. Calculated. C 56.6, H 7.6, N 13.2 
212.3 Found. 
la]p = —160.2° (1% in water) 


L-Prolylhydroxy-L-proline—The reduction was performed exactly as de- 
scribed above. From 3.0 gm. of the carbobenzoxy dipeptide (4) there was 
obtained 1.0 gm. of fine needles (59 per cent yield). 


CioHi16OsN2°3H2O. Calculated. C 50.7, H 7.2, N 11.8 
la]p = —160.3° (1% in water) 


SUMMARY 


1. A 30-fold purification of iminodipeptidase from swine kidney cortex 
is described. 
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2. The hydrolysis of L-prolylglycine and hydroxy--prolylglycine by 
Mn*+-activated iminodipeptidase increases with increasing pH up to pH 
9.0, at which point instability of the enzyme precludes accurate measure- 
ments. 

3. Specificity studies of the purified iminodipeptidase show that it acts 
only on prolyl or hydroxyprolyl dipeptides which possess both a free a- 
imino and a free a-carboxyl group adjacent to the sensitive bond. Imino- 
dipeptides containing glutamic or aspartic acid are not attacked by the 
enzyme. 

4. Crude extracts of swine kidney cortex contain metal-activated en- 
zymes which hydrolyze the amides of L-proline and hydroxy-.-proline, 
and certain tripeptides containing these imino acids. 

5. The synthesis and properties of L-prolylglycylglycine, hydroxy-L- 
prolylglycylglycine, and glycyl-t-prolylglycine are described, as well as 
a number of crystalline derivatives of these tripeptides. A method is 
given for the reduction of carbobenzoxy-.L-prolyl-L-proline and carboben- 
zoxy-L-prolylhydroxy-.L-proline which leads to the formation of the ex- 
pected dipeptides instead of the diketopiperazines previously obtained. 
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Liver has long been considered the source material of choice for purifi- 
cation of coenzyme A (CoA) (1, 2), although several reports have indicated 
that microbial material may also be rich in this coenzyme (3, 4). Strepto- 
myces fradiae, which has been used as a source of CoA (4, 5), is not readily 
or generally available. The present authors have reported briefly a rela- 
tively simple method for purification of the coenzyme which lends itself 
to large scale operation, results in material of very high activity, and may 
be applied to concentrates from commercial dried yeast (6). The details 
of this procedure and of some recently developed modifications are re- 


ported in the present paper. 
EXPERIMENTAL 


Analytical Methods—Pantothenic acid (PA) was determined microbio- 
logically after enzymatic liberation (7). Except where otherwise indicated, 
PA values refer to bound PA. Intact CoA plus fragments which could be 
resynthesized to CoA were assayed in a erude pigeon liver enzyme system 
according to Kaplan and Lipmann (3). Intact CoA was measured by the 
transacetylase system as described by Stadtman ef¢ al. (8). Purified trans- 
acetylase was obtained by acid ammonium sulfate fractionation of cell-free 
Clostridium kluyvert! or Streptococcus faecalis? extracts. The purified en- 
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periment Station. Supported in part by grants from the Division of Research 
Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service, and from funds supplied by the Wisconsin Alumni Research Founda- 
tion. Presented in part at the Forty-third annual meeting of the American Society 
of Biological Chemists, New York, April, 1952. 

t Present address, Heart Hospital Research Laboratory, Department of Pediat- 
ries, University of Minnesota, Minneapolis, Minnesota. 

‘Kindly supplied by Dr. E. R. Stadtman. 

? Kindly supplied by Dr. I. C. Gunsalus. 
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zyme preparation was incapable of resynthesizing CoA from Lactobacillus 
bulgaricus factor (LBF) even after prolonged incubation. 

A rapid spectrophotometric assay method, based on the CoA-dependent 
reduction of diphosphopyridine nucleotide (DPN) by a-ketoglutarate as 
catalyzed by its oxidase and a deacylase (9), has proved very useful in the 
development of the preparative procedure. CoA was also estimated by its 
catalytic action in the soluble acetate-activating enzyme system from pig 
heart (10), which is similar to that in yeast and pigeon liver recently de- 
scribed by Lipmann etal. (11, 12). Acethydroxamic acid is the final prod- 
uct determined in this method. 

Ribose was determined by Drury’s method (13). Adenine was measured 
spectrophotometrically at 260 mu. Glutathione (GSH) was determined 
as described by Woodward (14), except that methylglyoxal was placed in 
a side arm of the Warburg flask and excess cysteine was added to the main 
compartment to reduce disulfides present in the sample. An approximate 
estimation of total GSH may be made with ninhydrin according to the 
method of Moore and Stein (15). w-Glutamic acid was determined in a 
CoA hydrolysate by the glutamic acid decarboxylase of Escherichia coli 
(16)* after a 15 hour hydrolysis with 3 nN HCl] at 121°. Total phosphorus 
was determined after sulfuric acid-hydrogen peroxide treatment by either 
the Fiske-Subbarow procedure or its modification described by Griswold 
et al. (17). Microanalyses for S were performed by C. W. Beazley of the 
Micro-Tech Laboratories, Skokie, Illinois. 

Preparation of Preliminary Concentrates—The essential steps of the basic 
procedure are very similar to those used in earlier studies with liver (2). 
In a typical preparation, shown in Diagram 1, 6 kilos of dried yeast* were 
smoothly suspended in 12 liters of cold water, and 12 liters of boiling water 
were added with continuous stirring. Live steam was at once passed into 
the solution so that the temperature rose rapidly to 95°. After 5 minutes 
at this temperature, the mixture was rapidly chilled to 40° by addition of 
cracked ice. Following sedimentation of the particulate material for 30 
minutes at about 1700 X g in a refrigerated, type 13L International cen- 
trifuge, the resulting supernatant was clarified by filtration through a thin 
laver of Celite 503° to yield 25.4 liters of clear yellow extract. 

The extract was passed through a charcoal column containing | kilo of 
previously wetted and degassed Nuchar C-190" packed so as to give a col- 


3 We are grateful to Dr. P. P. Cohen, Dr. R. H. Burris, and Dr. E. 8. Lindstrom 
for providing the E. coli preparations. 

4 Primary dried yeast, strain G, Anheuser-Busch, Inc., St. Louis, Missouri. 

5 Alternatively, the yeast may be sifted into well agitated, boiling water. 

§ Johns-Manville Company. 

7 Nuchar C-190, “unground,”’ approximately 20 to 60 mesh obtained from the 
West Virginia Pulp and Paper Company, Covington, Virginia. 
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umn 18 cm. in diameter and 27.5 cm. high. The flow rate was | liter per 
minute. Assays of the effluent indicated that the adsorption of the CoA 
activity was at least 87 per cent complete. The column proper was washed 
with water until the whitish turbidity characteristic of the effluent com- 
pletely disappeared. This required 25 liters of wash water. 


Diagram 1. Extraction and Preliminary Concentration of Coenzyme A from Dried 
Yeast 


Dry yeast, 6 kilos 


1. Boil 5 min. in 5-6 volumes water 
2. Cool; centrifuge 
3. Filter through filter aid (if necessary) 


Yeast extract, 25 liters 


600 mg. PA or 8.4 
X 10° CoA units 
1. Adsorb on 1 kilo Nuchar 
2. Wash free of yeast solubles 
3. Elute with 5% pyridine 
4. Remove pyridine and concentrate 


Concentrated charcoal eluate, 3 liters* 


450 mg. PA or 6.3 
X 105 CoA units 


. Adjust pH to 2.5 with concentrated 
HNO; 

. Add 5 volumes acetone 

. Let stand overnight, 0° 

. Decant; discard acetone 

. Wash ppt. with fresh acetone until 
granular 

6. Dry in vacuo 


Cre W bo 


Yeast acetone powder 


255 mg. PA or 3.6 
X 105 CoA units 
Yield 50.7 gm., 0.49% PA, dry weight 
basis 
*Some preparations were adsorbed on a second charcoal column without being 
subjected to acetone precipitation. 


The CoA activity was eluted from the column by 5 per cent aqueous 
pyridine which was passed at the rate of 200 ml. per minute. After addi- 
tion of about 5 liters of the eluent, a yellow color and sulfhydryl-positive 
material (detected by the NaCN-nitroprusside test) appeared in the efflu- 
ent. Pyridine, however, did not begin to appear until somewhat later, in 
this case after about 400 ml. of the colored effluent had been collected. 
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The elution was routinely continued until the effluent contained only traces 
of CoA as indicated by sulfhydryl or DPN-reduction (9) tests. Some yel- 
low color continued to be eluted after this stage. Altogether, a total eluate 
of 12 liters of sulfhydryl-positive material was collected. The pyridine 
was removed by extracting the eluate four times with 3 liters of CCl! 
The solution was then concentrated in vacuo to 3 liters, the pyridine-free 
eluate brought to pH 2.5 by the cautious addition of concentrated HNO, 
and 15 liters of acetone added with good agitation. The mixture was 
allowed to stand overnight at 0°, after which time the supernatant acetone 
could easily be decanted or siphoned. The precipitate was triturated and 
centrifuged with pure acetone. By repeating this process five or six times, 
the sticky precipitate was converted to a granular form which was con- 
veniently dried in vacuo in 2 or 3 hours. The over-all recovery of the CoA 
activity from the hot water extract was 42.5 per cent. 

Comments on Preliminary Concentration—Difficulties have occasionally 
been encountered in the preparation of the original hot water extract. The 
solid portion of the mixture was often difficult to separate by centrifuging 
or filtering. In general, the extract should be transparent through at least 
2 cm., as too much suspended material may impair the following adsorp- 
tion step. When a very turbid supernatant is obtained, a higher propor- 
tion of water for extraction may be advantageous, or the suspension may 
be filtered through a filter aid (Diagram 1). Extracts of some yeasts, how- 
ever, could not be satisfactorily centrifuged. 

A filter press may be used for the preparation of the yeast extract in- 
stead of a centrifuge. Hyflo Super-Cel® was then added to the mixture 
(two-thirds the weight of the yeast) and the press was precoated. This 
procedure, however, consistently led to losses of CoA (30 to 50 per cent) 
and low purity (0.2 to 0.4 per cent PA) of the final acetone powder, pre- 
sumably because of adsorption on the filter aid. 

Although the yeast was the main cause of variable results in the pro- 
cedure as described, different batches of Nuchar were also not of completely 
equal adsorbing characteristics. The recommended ratio of yeast to char- 
coal (6:1) was considered safe under all conditions. Frequently, however, 
one-half to one-fourth of this amount of charcoal has been used with equal 
success. In large scale operations columns have been prepared in glass- 
lined tanks or big inverted bottles from which the bottom had been re- 
moved. These were charged with charcoal and the charcoal was held in 
place by packing it between perforated desiccator plates. Through these 
columns yeast extract was passed at convenience in the course of several 
days, the columns being kept wet when not in use. 


§ The CCl, extraction may be omitted and the pyridine removed by concentration 
in vacuo without loss of CoA activity. 
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After the requirements for a successful run had once been established by 
CoA assay under a certain set of conditions, CoA was followed in routine 
work mainly by its relation to the yellow color of the effluents. The over- 
all yield at the acetone powder stage has generally been 40 to 50 per cent, 
as measured by the microbiological or sulfanilamide assays. However, 
recoveries of 80 to 90 per cent were usually observed if the calculations 
were based on DPN reduction (9). This difference might be due to re- 
moval either of PA-containing substances not effective in the DPN method 
or of substances which interfere with this assay. The acetone powders 
obtained have usually contained 0.3 to 0.8 per cent PA. 

Readsorption on Charcoal and Precipitation with Cuprous Oxide and Glu- 
tathione—Before proceeding to the main purification step, it was found 
advantageous to raise the purity of the first concentrates to about | to 1.5 
per cent PA by a second charcoal adsorption. In a typical run, the main 
steps of which are outlined in Diagram 2, 52 gm. of acetone powder® (0.6 
per cent PA) were dissolved in 2.5 liters of water and passed through a 
column of 130 gm. of Nuchar C-190 (21 em. high X 6 cm. in diameter) at 
arate of 100 ml. per minute. The column was washed with | liter of water 
and with 5 liters of dilute sodium bicarbonate solution adjusted to pH 8 to 
9 until the pH of the effluent rose to 8. This washing removed CoA-inac- 
tive sulfhydryl-containing material together with 10 to 15 per cent of the 
CoA activity originally on the charcoal. The coenzyme was eluted with 
5 liters of 5 per cent pyridine. In this case a considerable amount of CoA 
was eluted in the slightly yellowish effluent before any pyridine started 
coming off the column. The eluate was concentrated to 500 ml. in vacuo." 
The concentrate contained 20.8 gm. of solids (1.3 per cent PA). To this 
concentrate were added 3 gm. of GSH and the pH was adjusted to 7.3 with 
6x NaOH. The solution was allowed to stand at room temperature for 
20 minutes, the pH readjusted to about 6.5, the solution warmed to 40°, 
and 26 ml. of 10 nN H.SO, were slowly added with good agitation. Imme- 
diately, a suspension of 600 mg. of CusO in 10 ml. of water was added 
dropwise. At first a silky, crystalline precipitate appeared, which later 
changed to a more flocculent precipitate as more CusO was added. The 
whitish precipitate was alternately washed and centrifuged eight times 
with distilled water until the supernatant failed to give a turbidity with 
saturated Ba(OH)s. 

The washed precipitate was suspended in 100 ml. of water, and the 
copper-GSH-CoA complex decomposed by passing a slow stream of H.S 
through the suspension for 2 hours. The CuS was separated by centrifug- 
ing. The clear supernatant could be successfully decanted and, if neces- 


*From pooled material, prepared as shown in Diagram 1. 
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sary, cleared of traces of CuS by filtration through a thin layer of filter 
aid. In general, the CuS precipitate was discarded without washing to 
avoid formation of colloidal particles which were almost impossible to re- 


Diagram 2. Preparation of High Purity CoA Concentrates from Yeast Acetone Powder 
by Glutathione-Cuprous Oxide Precipitation 


Acetone powder, 52 gm.° 


322 mg. PA or 4.5 


< 105 CoA units 
1. Dissolve in 50 weights of water 


2. Pass through 2.5 weights of Nuchar 
C-190 

3. Wash with H,O then 0.02 n NaHCO, 
until effluent pH is 8.0 

4. Elute with 5% pyridine 

5. Remove pyridine; concentrate in vacuo 


Pyridine-free eluate 


270 mg. PA or 3.8 
xX 105 CoA units 

. Add 3 gm. GSH 

. Adjust pH to 7.5; let stand 20 min. at 
room temperature 

. Adjust pH to 6.5; warm to 40° 

. Make solution 0.5 nN in H.SO, 

. Add Cu,O suspension 

. Cool; centrifuge 

. Wash ppt. until sulfate-free 

. Suspend; pass in H.S for 2 hrs. or 
longer 

9. Centrifuge CuS 

10. Pass supernatant through Dowex 5H) 

column 
11. Concentrate effluent in vacuo 
12. Lyophilize 


CoA Concentrate 


— 


ork Ww 


133 mg. PA or 1.7 


< 105 CoA units 
Yield 511 mg., 26.0% PA, dry weight basis 


move later. Likewise H.S was allowed to remain in the filtrate in order 
to keep a reducing atmosphere. The copper-free solution, diluted to 750 
ml., was passed through 75 ml. of 100 to 200 mesh Dowex 50 resin (H* 
form), packed in a column (11 cm. high X 3 em. in diameter), at a rate of 
15 to 20 ml. per minute. The column was washed with 250 ml. of water, 
and the combined effluent concentrated in vacuo to 150 ml. The solution 
remained slightly turbid and could not be completely clarified by filtration 
through filter aid. The solution was then lyophilized to give 511 mg. of a 
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nearly colorless, amorphous solid containing 26 per cent PA on the dry 
basis. 

Comments on Readsorption and Cu,0O-GSH Procedure—<As in the first 
charcoal procedure, CoA appears in the eluate of the second column before 
pyridine does. In contrast to the first column, this CoA constitutes a 
considerable portion of the total, and the yellow color accompanying it is 
much less pronounced. The material eluted in this early fraction was 
found to contain twice as much CoA per unit weight of solids as did the 
bulk of the eluate. 

The conditions for the precipitation of GSH with CusO have been de- 
scribed in detail by Hopkins (18) and by Pirie (19). A good preparation 
of Cu.O should be used, not necessarily fresh, but of the red or only slightly 
purple variety. This is readily obtained by adding glucose to an excess of 
boiling Fehling’s solution. It was found empirically that about 0.5 mole 
of CusO is needed for each mole of GSH, although only about 70 per cent 
of the GSH is actually precipitated. Higher concentrations of GSH and 
of solids in the concentrate have been used in various runs. There is no 
cogent evidence that this results in an increased yield. On the contrary, 
the scale of the subsequent operations is enlarged by the greater amount 
of GSH present, and the purity of the final product may be lowered by 
residual GSH or its breakdown products. 

The point at which the copper-GSH-CoA precipitate has been washed 
sulfate-free can be easily recognized by the appearance of a colloidal super- 
natant after centrifugation. 

The time required for decomposition by H2S depends completely on the 
dispersion of the precipitate. The H.S treatment has frequently been 
carried out overnight. The pH after this step should be about 3.5 and 
should not fall below 3.0 during the following step if the procedure has 
been carried through properly. 

The Dowex 50 resin was pretreated with 4 n HCl to remove yellow- 
colored material and washed with water until chloride-free. GSH was 
removed from the used columns with 2 Nn NH,OH or 5 per cent pyridine. 
Preliminary efforts to repurify it have been rather disappointing. The 
recovered GSH appeared to be grossly contaminated either by breakdown 
products or possibly by impurities from the preparation. 

The yield of CoA through the CueO-GSH_ procedure has usually been 25 
to 40 per cent, and the final product contained 20 to 26 per cent PA. 

Modified Procedures—About 1000 pounds of dry yeast have been proc- 
essed in all, and some modifications of the procedures have been investi- 
gated. Those modifications which have either saved considerable labor 
without having shown evident disadvantages or else have led to a product 
of better quality will be discussed. 
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It would be desirable for large scale production to circumvent the use of 
a centrifuge or filter press in the preparation of the initial yeast extract. 
It was found that addition of 30 volumes per cent of acetone to the diluted 
boiled yeast suspension would cause the suspended material to settle in 2 
to 3 hours, so that the yellow CoA-containing supernatant could be con- 
veniently siphoned. The yields of CoA activity in this and the succeeding 
charcoal adsorption-elution step are comparable to the yields obtained by 
centrifugation, provided that the acetone solution is acidified prior to the 
charcoal adsorption. 

If a final product of a PA content between 10 to 15 per cent is considered 
satisfactory, the acetone powder from the first charcoal column may be 
subjected directly to the Cu,.O-GSH precipitation. 

In some instances the eluate from the first column after removal of py- 
ridine 7m vacuo was passed onto the second charcoal column without making 
an acetone powder. Acetone-soluble impurities were then removed by an 
acid acetone washing’? of the first or second column (4 parts of acetone, 6 
parts of 0.01 n HCl) or an acetone powder was made after the second 
column. 

With the aim of reducing the amount of low molecular weight sulfur- 
containing impurities, a reduction step was introduced before the second 
charcoal adsorption. A solution of the acetone powder was treated at pH 
3 to 4 with 0.2 per cent sodium amalgam (one-fifth the weight of the ace- 
tone powder) for 15 minutes at room temperature. The pH was main- 
tained by small additions of Dowex 50 (H* form). Reduction was thus 
accomplished without introducing inorganic ions into the solution. The 
solution was then passed through a column of Dowex 50 (H+ form) contain- 
ing a weight of resin equal to that of the acetone powder used. When this 
reduction procedure was applied, CoA samples of the highest purity and of 
lower sulfur content were obtained. The advantage of a reduction step 
has been pointed out by Gregory ef al. (5). 

When the amalgam reduction was not applied, contamination of the 
final product with GSH could consistently be kept below 4 per cent by 
adjusting the supernatant obtained after removal of CuS to pH 9 and 
further treating it with H.S for about an hour with occasional readjustment 
of the pH. The amount of resin in the following step must then be slightly 
increased to correspond with the amount of alkali added. 


Composition and Properties of Purified CoA Preparations 


Pantothenic acid—Analytical data on the type of product obtained by the 
described procedures are summarized in Tables I and II. It is evident 


10 The authors are indebted to Dr. J. D. Gregory for the details of a similar pro- 
cedure. 
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from Table I that, although there is reasonable agreement between the 
PA values obtained by various methods for some preparations, serious dis- 
erepancies exist for others. Obviously attempts towards a final purifica- 
tion of CoA will have to meet not only difficulties of a preparative but also 
of an analytical nature. All the assay methods available entail measure- 
ments of rates which are compared to the rate obtained with a standard. 
Only for the microbiological method is this standard a chemically well 


TaBLe I 
Pantothenic Acid Content of CoA Concentrates 


| 
Pantothenic acid, per cent 


Assay method | Preparation No. 
1 2 3 4 5 a 8 9 
1. Microbiological, L. 24 24 26 1.2 
arabinosus | | | | | | 
acetylation | | : | | | | | 
3. Arsenolysis by | “4 | 19 | 1; 1.2 
transacetylase | | | | 


4. DPN reduction by © 
a-ketoglutaric | 


oxidase | | | | | | | | 
A.Stoichiometric* 20 18 Bi ae 


* Method of Sanadi and Littlefield (20) in which CoA available for succiny! CoA 
formation is titrated with DPN. 

+t Method of Von Korff (9), which is based on the observation that the rate of 

DPN reduction by the a-ketoglutaric oxidase system in the presence of succinyl 


CoA deacylase is CoA-dependent. 


defined substance, calcium pantothenate, whereas in the other methods the 
standard is necessarily another CoA sample, in many cases of a different 
level of purity from the unknown. 

A liver acetone powder containing 12 y of seanel PA and 17 Lipmann 
units of CoA activity per mg. (Preparation 9, Table I) was used as the 
standard for all of the analyses reported in Table I. In view of the lack of 
an absolute standard for CoA analysis it was of the greatest interest when 
an independent assay became available in the stoichiometric interaction of 
CoA with a-ketoglutarate and DPN to form succinyl CoA and DPNH, 
(20). The amount of DPNH:, formed should be a direct and absolute 
measure of the CoA present. Although the equilibrium is far to the side 


J 
2 
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of DPN reduction and conversion of CoA to succinyl CoA (20), the panto- 
thenie acid values calculated from the spectrophotometric measurement of 
DPN reduction are usually much lower than those found by other methods 
(Table I, Method 4-A"). A satisfactory explanation for this fact is at 
present not available; it may be an indication of two forms of CoA of differ. 
ent reactivity. 

The first two assay methods are not specific for intact CoA. The faet 
that the transacetylase results are generally as high or higher than those 
obtained by the sulfanilamide procedure indicates that the samples are not 


TaB_e II 
Composition of Highly Purified CoA Preparations 
Component Preparation 10 Preparation 11 Preparation 12 — Theory* 
per cent per cent per cent | per cent 
PA | | 
Sulfanilamide 1.0 26.0 1.0 2.0/1.0 | 28.6 1.0 
Transacetylase 24.5 25.2 
Microbiological 26.0 | 23.2 | | 
Adenine 1.08 16.6 1.03 16.7 1.05 17.6 1.0 
Ribose 20.91.17 | 19.¢ 1.08 | 18.0 19.6 1.0 
Phosphorus, total 12.1 | 3.29 | 10.9 3.04 | 11.8 | 3.18 | 12.1 | 3.0 
Sulfur, total 4.80 1.27 4.18 1.09 4.11) 1.08 4.16 1.0 
GSH and GSSG 0.70 0.02 0.67 0.02 
L-Glutamie acid after acid 1.6 0.09. 1.5 0.08 
hydrolysis | | 


* Assuming a molecular weight of 767.6 for CoA. 
t Calculated in relation to the PA content as determined by the sulfanilamide 


assay. 


contaminated with resynthesizable fragments of CoA to any considerable 
extent. 

Adenine—In samples prepared from concentrates which were twice ad- 
sorbed on charcoal, the ratio of adenine to PA is very close to 1 (Table 
II). Occasionally samples were analyzed for the presence of free adenylic 
acid with adenylic acid deaminase (21). Values of the order of 2 per cent 
were obtained. Although it seems unlikely that adenylic acid would be 
precipitated with Cu,0, it is possible that it may have arisen by breakdown 
from CoA in the steps following the precipitation. No DPN or triphos- 
phopyridine nucleotide was found by assay with alcohol dehydrogenase or 
isocitric dehydrogenase, respectively, in a typical preparation. 

11 We are indebted to Dr. D. R. Sanadi for permission to use his analytical data 
in Table I. 
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Sulfur—-In view of the unsatisfactory status of assay methods for CoA, 
the determination of sulfur seems so far to be one of the most reliable 
criteria of purity. The sulfur values in Table II, after correction for the 
known sulfur-containing impurity (glutathione), are not appreciably higher 
than a 1:1 molar ratio of sulfur to PA would require except in the case of 
Preparation 10, which was not subjected to a reduction procedure. 

Glutathione—GSH_ is found in our preparations to a variable extent. 
Measures by which the GSH content can be kept at a minimum are men- 
tioned above in the preparative section. GSH is present partly in the 
reduced and partly in the oxidized form, probably as a disulfide with CoA. 
It has been observed that GSH, although present in its reduced form, is not 
removed by passing a solution of the CoA concentrate through Dowex 50 
a second time. This behavior is not yet understood and suggests that 
glutathione may be bound to CoA in some way other than by an S—S 
linkage. 

Glutamic Acid—-L-Glutamic acid is found in widely varying amounts in 
our preparations after acid hydrolysis. The quantities obtained exceed 
those expected from hydrolysis of the GSH present, in some cases to a 
considerable extent. The following observations bear on the origin of glu- 
tamic acid in these preparations. (a) It is only after hydrolysis that glu- 
tamic acid can be detected. (b) The compound which yields glutamic acid 
on hydrolysis can be extracted with alcohol. (c) This compound is not 
present in a cuprous or acetone precipitate of purified CoA. (d) When 
glutathione alone is passed through Dowex 50, about 0.01 per cent of the 
GSH appears in the efluent; an amount of glutamic acid 10 times higher 
than that expected from the GSH present is found after hydrolysis of the 
efluent. For final identification an alcohol extract of purified CoA was 
chromatographed on paper with n-pentanol-formic acid. Most of the ex- 
tracted material migrated with an R, value identical to that of pyrrol- 
idonecarboxylic acid. The spots were eluted, the eluate was hydrolyzed 
with HCl, and the hydrolysate was chromatographed in the phenol sol- 
vent of Berry et al. (22). Only one ninhydrin-reactive spot was detected. 
This coincided with that for added glutamic acid and was well separated 
from the glycine spot. 

It is obvious from these facts that, in line with the observations recently 
reported by Underwood and Deatherage (23), pyrrolidonecarboxylic acid 
is formed by hydrolysis of some of the GSH during passage through Dowex 
0 and then gives rise to glutamic acid on acid hydrolysis. Since the 
amount of GSH and the time of contact with the resin were usually greater 
in the preparation. of CoA than in the trial run mentioned above (d), the 
quantity of glutamic acid found in the CoA concentrates may be explained 
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on this basis. The appearance of glutamic acid in our preparations js 
therefore completely unrelated to the CoA molecule itself. 

Paper Chromatography—Samples of CoA prepared as above were sub. 
jected to paper chromatography in an alcohol-amine system similar to that 
described by Plaut et al. (24). Three ‘‘quenching spots”’ could be seen in 
ultraviolet light. Only the main quenching spot that contained practically 
all the biological activity gave a nitroprusside and a molybdate reaction 
(25). Similarly three spots were obtained by use of the isobutyric acid- 
ammonia system of Zetterstrém and Ljunggren (26)" and with an ethanol- 
ammonium acetate system. Samples of the purity level of Preparations 
11 and 12, Table II, have not yet been examined chromatographically, 
The question is open whether some slight decomposition of CoA under the 
conditions of chromatography may not always lead to a multiplicity of 
spots. 

Amperometric Titration of SH Group of CoA—Amperometric titration 
with silver nitrate by the micromethod of Rosenberg et al. (27) revealed 
that the sulfhydryl group of CoA was extremely stable at acid pH. No 
noticeable decrease of sulfhydryl content occurred during storage in the 
cold over 24 hours or after gassing with oxygen at 30° for 1 hour at pH 2 
to 4. 

Electrometric Titration of CoA—A continuous electrometric titration, 
shown in Fig. 1, was made on 29.8 mg. (0.0388 mm) of Preparation 12, 
Table II, with a Brown recording pH meter.'® It may be seen that there 
was one titratable group with a pK of 6.4 (presumably the secondary 
ionization of phosphate) for each titratable group with a pK of 4.0 (pre- 
sumably the amino group of adenine). Calculations of the equivalents of 
base consumed in the titration by the secondary phosphate group and 
adenine indicated about 105 per cent of the theoretical amount, based on 
the postulated structure of CoA (5, 28). The titration of the sulfhydry| 
group which has a pK of 9.6 corresponded to 98 per cent of 1 equivalent 
per mole. In accordance with this finding, it has been generally observed - 
that preparations made by the reported method contained 70 per cent or 
more of the CoA in the sulfhydryl form. 

Electrophoresis of CoA—Preparation 12, Table II, was subjected to elec- 
trophoresis at pH 4.2 in 0.2 mM ammonium acetate buffer for 65 minutes. 
The electrophoretic pattern obtained is shown in Fig. 2 (29).1® Prepara- 
tion 10 (Table II) gave a similar pattern, except that a third, slower mov- 


122 Dr. S. A. Kuby, personal communication. 

13 Dr. F. M. Huennekens, personal communication. 

14 Schwarz, D. R., Gutcho, M., and Laufer, L., unpublished experiments. 
15 Kindly carried out by Dr. R. M. Bock and R. M. Smith. 

16 Kindly carried out by Dr. R. M. Bock. 
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ing, minor component was also present. This component showed no trans- 
acetylase activity, but the other two were active. Resolution of the 
sulfhydryl and disulfide forms of CoA probably would not occur below 
pH 8.0 during electrophoresis. 


12 SULFHYDRYL 
x< 
“—SEC. PO, 
O6F pK 6.4 
> 
ADENINE NH, 
pK 4.0 
ob 


Fic. 1. Titration of 29.8 mg. (0.0388 mm) of Preparation 12, Table II. The sec- 
ondary phosphate, adenine, and sulfhydryl groups required 0.040, 0.041, and 
0.038 m.eq. of alkali, respectively. 


SALT BOUNDARY —\ 


Fic. 2. Electrophoresis of an approximately 1 per cent solution of Preparation 
12, Table II. Migration occurred in 0.2 M ammonium acetate at pH 4.2, 5 ma. cur- 
rent. The figure shown is the pattern of the ascending limb after 65 minutes. 


DISCUSSION 


Different lots of commercial brewers’ yeast varied widely in their CoA 
content and in their tendency to give a clear supernatant solution when 
the boiled yeast suspension was centrifuged. No attempt has been made 
to test a large number of different yeasts, since a commercially available 
yeast was satisfactory. About 1000 pounds of yeast were processed” to 


7 Assistance in the large scale processing of yeast was provided by Mr. 8.5. 
Shahanian. 


is 
| 
lat 
in 
lly 
on 
d- 
ns 
vy. 
he 
of 
0 
2 
4 6 8 10) 4 
oH 
f 
| 
XUM 


398 COENZYME A FROM YEAST 


yield approximately 2000 gm. of acetone powder that contained 0.3 to 0.8 
per cent PA on the dry weight basis. ‘The acetone powder preparations 
were quite stable and hence the CoA was conveniently stock-piled in this 
form prior to further purification steps. In all, about 10 to 12 gm. of CoA 
concentrates were subsequently prepared from the pooled acetone powders, 
The PA purity range for these concentrates was 16 to 26 per cent, which 
presumably would correspond to a CoA purity of 58 to 91 per cent. 

In many instances in which less pure CoA concentrates are satisfactory, 
several intermediate steps may be omitted. This is especially true if GSH 
is not objectionable, since in this case it would be necessary to make only 
the extraction, adsorption, elution, and cuprous oxide precipitation in the 
presence of excess GSH. The resulting CoA in the decomposed CoA-GSH 
mixture would be approximately 50 per cent pure. 

The yield of CoA activity coprecipitated with GSH by cuprous oxide 
was never as large (25 to 40 per cent usually) as desired. Furthermore, 
almost all of the CoA (although mostly still present) could not be re- 
covered readily from the supernatant. Therefore, in spite of the great in- 
crease in purity obtained in this very selective step, about two-thirds of 
the total CoA activity present at this point was sacrificed. It is hoped 
that some method may eventually be found which will decrease the attend- 
ant loss of CoA activity in this step. 

In view of the success of the CusO-GSH method for purification of CoA 
from yeast, it was of interest to apply the procedure to liver concentrates. 
Unfortunately the best products obtained had a purity of only about 7 per 
cent PA. Apparently the impurities accompanying CoA in liver are par- 
ticularly difficult to remove, and it seems quite definite that yeast is the 
more desirable source material.!® 

The difficulty of correlating the CoA activity with the various spots seen 
in the paper chromatograms should be mentioned. The paper chromato- 
grams are undoubtedly complicated by the presence or formation of the 
oxidized form of CoA and possibly unknown mixed disulfide forms of CoA. 
A further consideration must be made for possible solvent interaction and 
degradation products arising from hydrolysis. All of these possibilities, 
plus the fact that only low levels of activity can be recovered from the 
various spots relative to the amount chromatographed, made the method 
at best only qualitative. More definitive investigation is indicated. 

The presence in the concentrates obtained of two closely related sub- 
stances having CoA activity is suggested by the electrophoretic pattern 
shown in Fig. 2. Both components contained PA and were active in the 
transacetylase assay. 


18 The advice and assistance of Dr. J. B. Neilands in connection with the original 
investigation of yeast as a large scale source of CoA are gratefully acknowledged. 
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All samples necessarily must be assayed for activity against another 
standard, which in all cases reported here was a much cruder sample and 
possibly contained an even greater variety of CoA active substances. Con- 
siderable caution is therefore necessary in assigning a percentage purity to 
such purified concentrates. It is felt that claims for isolating a pure ho- 
mogeneous CoA-active substance must not be made from comparative 
analyses alone but rather from homogeneous behavior when subjected to 
electrophoresis, paper chromatography, partition chromatography, counter- 
current distribution, or other methods capable of resolving closely similar 


substances. 


SUMMARY 


A method has been described for the preparation of CoA of high purity 
from dried brewers’ yeast. Concentrates are obtained by adsorption of 
the CoA of yeast extract on charcoal, followed by pyridine elution. From 
these eluates, the CoA is coprecipitated with glutathione by cuprous oxide. 
The glutathione is easily removed by an ion exchange resin. This method, 
consisting of a few steps, requires no special equipment and has been shown 
to be adaptable for preparing relatively large amounts of comparatively 
pure CoA. Analytical data on typical CoA preparations are reported and 
some of their properties discussed. 
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A RAPID SPECTROPHOTOMETRIC ASSAY FOR COENZYME A 


By R. W. VON KORFF* 


(From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin) 
(Received for publication, August 4, 1952) 


Estimation of coenzyme A (CoA) cannot be accomplished readily within 
a period of 15 to 20 minutes by the methods previously described (1-4). 

This paper deals with a rapid and specific spectrophotometric method for 
assaying catalytic amounts of CoA (0.5 to 1.5 Lipmann units) which has 
proved useful in the control of the various operations in CoA purification. 
The procedure stemmed from the observation that reduction of diphospho- 
pyridine nucleotide (DPN) by a-ketoglutaric acid, catalyzed by its soluble 
oxidase and an auxiliary enzyme (deacylase), is CoA-dependent. The 
assay involving determination of the rate of DPN reduction depends upon 
the following reaction sequence (5, 6). 


oxidase | 


(1) aKetoglutarate + CoA + DPN* 
succinyl CoA + DPNH + CO: + H* 


(2) Succinyl CoA oa faa succinate + CoA 


Materials 


Soluble a-ketoglutaric oxidase was prepared as described by Sanadi et al. 
(7). The enzyme concentration was adjusted after assay by the ferri- 
cyanide method (7) so that 1 ml. would form 2000 um of CO, per hour. 

Succinyl CoA deacylase satisfactory for use in this procedure was pre- 
pared essentially by the method of Gergely et al. (6). After dialysis of the 
first ammonium sulfate fraction, the protein concentration is adjusted to 
20 to 30 mg. per ml. and the deacylase is adsorbed on calcium phosphate 
gel (8). 1 ml. of gel (8 mg. per ml.) is used for each ml. of crude enzyme. 
After centrifugation the supernatant is discarded and the gel is eluted with 
phosphate buffer (0.1 mM, pH 7.4). The volume of buffer used is half the 
original volume of enzyme solution. The eluate is then dialyzed for 3 
hours against 0.02 m phosphate buffer, pH 7.4. The preparation retains 
its activity for several months when preserved at — 10° 

a-Ketoglutaric acid (Organic Specialties, Inc.) was recrystallized twice 
from benzene and acetone. 


* Present address, Heart Hospital Research Laboratory, Department of Pediat- 
rics University of Minnesota, Minneapolis Minnesota. 
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DPN (Pabst Laboratories or Schwarz Laboratories), of 50 per cent purity 
or greater, was used without further treatment in a 1 per cent solution, 
neutralized to pH 7. 

Glycine (Eastman Kodak Company) was used as a 1 M solution of the 
potassium salt, pH 9.0. 

pL-Cysteine was prepared each day by neutralization of a 0.1 m solution 
of the hydrochloride to pH 7 with potassium hydroxide. 


Assay \ethod 


The assay system is prepared as follows: cysteine (0.1 M, pH 7) 0.1 ml., 
CoA (5 to 15 units per ml., pH 7) 0.1 ml., glycinate (1 M, pH 9.0) 0.1 ml., 
a-ketoglutarate (0.2 mM, pH 7.0) 0.1 ml., deacylase 0.1 ml., a-ketoglutaric 
oxidase 0.01 ml., water to make 2.9 ml. 

With each pair of samples, a reference sample of CoA serving as an 
internal standard is treated in the same manner. ‘The rate of DPN redue- 
tion per unit of CoA varies, not only from one enzyme preparation to 
another, but also to some extent, for reasons not vet fully understood, in 
successive analyses with the same enzyme preparation. A suitable CoA 
standard is prepared from relatively pure CoA (9) which has been shown 
to contain pantothenic acid only in the form of CoA; 7.e., the microbio- 
logical assay is not higher than the result found by independent enzymatic 
assays for CoA activity (1-4). 

After mixing, the solutions are incubated for 5 minutes at 30° and trans- 
ferred to Beckman cells (diameter = 1 cm.), and the optical density at 
340 my is measured against distilled water. This reading is generally be- 
tween 0.170 and 0.250 and need not be recorded. 

The reaction is started by addition of 0.1 ml. of a 1 per cent solution of 
DPN to each tube. The cells are capped and the carrier inverted to mix 
the solutions. The optical density at 340 my is then read at 1 minute 
intervals for 3 to 5 minutes, with a 10 second interval between Tubes 1], 2, 
and 3. The average rate of increase in optical density per minute is ¢al- 
culated for each sample. The amount of CoA in the unknown sample is 
then calculated by simple proportion. 

To minimize the effect of blanks and the lack of a completely linear 
reaction, the unknown sample should be run at a level producing a rate of 
DPN reduction corresponding to +20 per cent of that produced by the 
standard. The optical density at 340 mu should increase at a rate not less 
than 0.05 to 0.10 per minute with 0.3 Lipmann unit of CoA per ml. of 
reaction mixture. 

A previous communication from this laboratory by Gergely et al. (6) 
shows graphically the dependence of the rate of DPN reduction on the 
concentration of CoA and deacylase, respectively, under experimental con- 
ditions very similar to those employed in the present assay procedure. 
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Fig. 1 shows the rate of DPN reduction as a function of the concentration 
of a-ketoglutaric oxidase. 

Adenosinetriphosphate, adenosinediphosphate, morganic pyrophosphate, 
or copper should not be present in the assay system, since these substances 
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Fic. 1. The rate of DPN reduction as a function of the concentration of a-ketoglu- 
taric oxidase. The test system contained 20 um of a-ketoglutarate, 100 um of glycine 
buffer of pH 9.0, 30 um of cysteine, 4 mg. of bovine plasma albumin, 0.6 um of DPN, 1.4 
units of coenzyme A, and 16 units of succinyl coenzyme A deacylase in a final volume 
of 3ml. The experiment was carried out at 30°. 


TABLE I 


Relative Reactivity of Coenzyme A and Synthetic L. bulgaricus Factor in a-Ketoglutaric 
Oxidase-DPN-Deacylase System 


CoA | LBF | A log i: per min. 

unils uM 
0 | 0 | 0.008 

1.4 | 0 | 0.213, 0.220 

0 | 4.5 | 0.063, 0.067 

1.4 | 4.5 (0.226, 0.230 


inhibit the reaction. Pyridine, frequently used for elution of CoA from 
charcoal, does not interfere seriously in a concentration as high as 0.3 per 
cent of the reaction mixture. 

Synthetic Lactobacillus bulgaricus factor! (LBF) (10) has a low activity in 
this reaction, as shown in Table I. 


' Kindly furnished by Dr. F. M. Strong. 
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Assuming a molecular weight of 767 for coenzyme A, the data of Table 
I indicate that CoA is approximately 4000 times as active as LBF in this 
system. 

By this procedure, it was discovered that commercial samples of gluta- 
thione (GSH) are contaminated with traces of CoA (Fig. 2). One sample 
contained 0.02 per cent CoA, while another contained 0.2 per cent CoA, 
When the samples were analyzed by the transacetylase procedure (4), the 
corresponding results were 0.03 per cent and 0.2 per cent, respectively. 

The results obtained by this procedure, when applied to various samples 
of CoA, compare favorably with those obtained by other procedures com- 
monly used (see Beinert e¢ al. (9)). 


=> 
> 0.400F ~ 
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Fig. 2. DPN reduction catalyzed by CoA in commercial preparations of GSH. a 
Ketoglutarate oxidation system. 1.4 units of CoA in the presence of 3.3 X 107° M eys- 
teine yielded A log J)/J = 0.116 per minute. 


SUMMARY 


A rapid spectrophotometric assay for CoA has been developed. ‘The 
method depends upon measurement of the rate of reduction of DPN by 
a-ketoglutarate catalyzed by a soluble oxidase and CoA. The latter is 
continually regenerated from the succinyl CoA formed in the reaction by 
means of a succinyl CoA deacylase. 


The aid and encouragement of Dr. D. E. Green and the suggestions and 
interest, as well as generous supplies of a-ketoglutaric oxidase, of Dr. D. R. 
Sanadi are gratefully acknowledged. 
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EFFECT OF GROWTH AND BODY SIZE ON FIXED CARBON 
TURNOVER 


By DONALD L. BUCHANAN anp AKIRA NAKAO 


(From the Division of Biological and Medical Research, Argonne National Laboratory, 
Chicago, Illinois) 


(Received for publication, July 28, 1952) 


Growing cells have been shown to accumulate more isotopic fixed carbon 
than non-growing cells (1—+). However, in each of these investigations the 
exposure to isotopic CO: was quite brief! and it is impossible to decide from 
the results whether growing cells actually contain more CO,-derived carbon 
or whether, because of accelerated metabolism and de novo synthesis, iso- 
topic “‘saturation’”? is approached more quickly. Unless time is allowed for 
“saturation”? to occur, the isotope content will not mirror the true fixed 
carbon content. 

In previous work (5) it was found that, after 5 weeks exposure to CQO», 
the rapidly growing neoplastic tissue of a carcinomatous mouse had essen- 
tially the same specific activity as other actively metabolizing but non- 
growing tissues in the same animal. This suggested that the greater in- 
corporation during growth noted by others was the result of accelerated 
turnover and that growing and non-growing tissues contain similar quanti- 
ties of fixed carbon. However, in other experiments with long exposure 
(6) growing yeast cells took up 5 times as much CO, carbon as catabolically 
active non-growing cells. 

In the present studies continuous exposure of mice and chick embryos 
to C“O. in air was utilized to test further the influence of growth on the 
dynamics of CO, fixation and turnover. In addition, by comparing the 
uptake of isotope by adult mice and rats the possible effect of animal size 
upon these processes was investigated. 


EXPERIMENTAL 


Methods—An improved modification (7) of the technique and apparatus 
originally used for ventilating animals with C™“O,-air mixture (5) was used. 
Several groups of rats and mice were exposed for various periods. Fischer 
rats 6 to 9 months of age were exposed for periods varying from 2 to 85 
days and then sacrificed. Swiss mice 4 to 7 months old were treated 


‘In this report, CO, is meant to include all molecular species of the soluble CO+- 
carbonate system. 

* “Saturation”? designates complete exchange of isotope between CO: and organic 
constituents. It implies the steady state with regard to isotope concentrations but 
may also exist during growth and so must be differentiated from the steady state. 
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similarly. Several litters of mice were reared in the chambers and sacri- 
ficed after exposures ranging from 0.5 to 185 days. The first of these litters 
was introduced the day following birth, while subsequent litters were from 
mothers exposed during gestation. Mice of one group, born and kept in 
the labeled air 1 month, and another group, born in the chamber and 
exposed 2 months, were removed and sacrificed at intervals up to 9 months 
following the exposure. 

Fertile chicken eggs were incubated in glass chambers. These contain- 
ers, also ventilated with labeled air, were immersed in a 37° water bath. 
Eggs were removed at intervals and the washed embryos frozen and dried. 

The animals were killed with ether and immediately dissected. The 
preparation of samples for analysis has been described (5). Radioactivity 
was determined in all samples by proportional gas counting after wet 
oxidation (8). Results were calculated as the per cent carbon in each 
sample derived from the CO: of the animals during the exposure period. 
The specific activity of alveolar CO, computed from the measured isotope 
level in the chamber air, was used as the basis for such calculations. Dis- 
cussions which explain this procedure appear in previous communications 
(5, 7). 


Results 


The data obtained from the animals sacrificed at the termination of the 
exposure are shown in Figs. | and 2. No significant differences were found 
between the isotope uptake of adult rats and mice. As previously observed 
(5), the plasma and some tissues such as the liver and gastrointestinal tract 
accumulated fixed carbon quite rapidly, while in muscle, brain, and skin 
the rate of uptake was much slower. In the liver the increase in specific 
activity seen during the first 2 weeks was followed by a plateau which lasted 
for the remainder of the 3 month exposure. In brain, muscle, and skin no 
plateau was reached, but the curves suggest that one was being approached 
and that it would have been of the same approximate magnitude as found 
in liver, had the exposure been indefinitely prolonged. 

The results obtained from infant mice sacrificed during the phase of 
rapid growth were similar among the several tissues studied. When a group 
of day-old mice was placed in the chamber, there was initially a very rapid 
uptake of isotope and the specific activity of total carbon became greater 
than it had in the corresponding adult tissue. This occurred even in the 
liver where in fully grown animals an unmistakable plateau had been 
reached. Ina second group of mice, born of mothers living in the chamber 
during the gestation period, the isotope content rose from the level of the 
adult plateau instead of from zero and became even greater. However, 
within 10 to 15 days the specific activity of all infant mouse tissues began 
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to decline and in the case of each tissue the curves for both groups of 
animals became indistinguishable after approximately 20 days. After 40 
days, the specific activity of liver carbon in the young mice had leveled off 
at the plateau value found for adult animals. Although after 3 months in 
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Fic. 1. Uptake of isotopic carbon in tissues of rats and mice exposed to CQ, in 
air. Animal groups, O, infant Swiss mice born in the exposure chambers; @, infant 
Swiss mice placed in the chamber on the day following birth; A, adult Swiss mice; 
A, adult Fischer rats. 
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brain, muscle, and especially in skin, the infant and adult curves were stil] [ 
separate, they seemed to be approaching a common level. the 
enc 
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Fic. 2. Uptake of isotopic carbon in tissues of rats and mice exposed to C'"O, in 
air. Animal groups, O, infant Swiss mice born in the exposure chambers; @, in- 
fant Swiss mice placed in the chamber on the day following birth; A, adult Swiss 
mice; A, adult Fischer rats. c 
Fig. 3 shows the decline in isotopic carbon content in the tissues of , 
animals exposed for the first 2 months of life and sacrificed at intervals ' 
thereafter. As previously noted (5), the rates of decline parallel the rates 
of increase during the exposure period. Plasma and liver lost isotope ' 
rapidly while skin, brain, and muscle lost it more slowly. , 
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Data obtained from mice exposed only 1 month were similar, except that 
the decrease in specific activity was more rapid. Some or all of this differ- 
ence resulted from the isotope-diluting effect of growth which was, of course, 
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Fic. 3. Postexposure retention of isotope in tissues of Swiss mice exposed to 
CO, in air for the first 2 months of life. 


greater in the younger animals. To determine whether growth had a true 
stimulating effect on fixed carbon turnover, it was necessary to estimate 
absolute retention in these groups. To do this, each specific activity was 
multiplied by the ratio of the organ weight at the time of sacrifice to the 
organ weight at the termination of the exposure. The factors were ob- 
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tained from empirical graphs of organ weight against animal weight. With 
these corrections no significant differences were found in the absolute retep. 
tion in either the livers or kidneys of the two groups (Fig. 4). 

In the experiments of Figs. 1 and 2 the fixed carbon, initially unlabeled, 
was allowed to exchange with labeled CO.. In the experiment of Fig. 3 
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Fic. 4. Comparison of postexposure isotope retention in tissues of mice exposed 
to CO, in air for the Ist month of life with the retention in mice exposed for the 
first 2 months of life. Both sets of data have been corrected for the isotope-diluting 
effect of the growth that occurred after the exposure. 


the reverse was true. The separate results complement each other and a 
summation of them can be used to estimate the total tissue content of 
CO,.-derived carbon. After any time interval the sum of the isotope con- 
tents of a given tissue from both experiments accounts for the exchanged 
as well as the unexchanged fixed carbon. Table I gives the results of such 
summation at different times in different tissues. The values summed 
were obtained from curves drawn through a plot of the data corrected (as 
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above) for the diluting effect of growth where it had occurred. The valid- 
ity of data obtained by summation is reinforced by comparison with data 
obtained directly from four mature animals of various ages exposed from 


I 
Computation of Total Fired Carbon* in Mouse Tissues 


| Sum of retention att 
From “saturated” 


Tissue mice? 
6 days | 24 days | 83 days ; 

2.3 2.4 2.3 2.3 
Kidney 2.1 2.1 2.0 2.0 
Brain... 1.7 1.5 1.5 1.6 
Gastrointestinal tract 1.9 1.9 1.9 1.9 
OK 1.7 1.6 1.6 1.6 
Skin. . 2.3 


* Expressed as the per cent of total carbon. 

+From two groups of mice with the isotope content representing exchanged 
fixed carbon in one group and unexchanged fixed carbon in the second group. 

t Average of data from four adult mice which had been exposed to C'O, during 
their entire life time. 
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Fic. 5. Specific activities of chick embryo carbon after incubation of eggs in an 
atmosphere containing a constant partial pressure of CQO». 
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birth until sacrifice. These estimates of total fixed carbon are somewhat 
low since they are computed from the specific activity of alveolar COs. 
The specific activity of CO, in the cells where fixation occurs would be more 
pertinent but is difficult to estimate, except indirectly. Previous data 
obtained on urea carbon (5), believed to originate entirely from COs, (9, 
10), and on bone carbonate (7) indicate that the specific activity of tissue 
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CO, is only 66 to 70 per cent of the calculated value for alveolar CO. under 
these conditions. Therefore, the true fixed carbon content of liver may 
be as high as 3.4 per cent. 

The results obtained with the developing chick embryos are shown in 
Fig. 5. Because of the uncertainty regarding CO, tension in the embryonic 
tissue, the specific activity of the CO. there could not be computed; conse- 
quently, the specific activity of the embryo carbon is plotted directly, 
For comparison it can be mentioned that the “saturated”’ specific activity 
of rat and mouse liver was about 4500 ¢.p.m. per mM, only 7 per cent of the 
value found in the 4 day chick. As the embryos increased in size, the 
isotope content diminished strikingly. 


DISCUSSION 


It is quite evident from these results that there is no great difference 
between the fixed carbon content in growing and adult mice. The differ- 
ences In isotope content previously noted between young and adult animals 
in single dose experiments (1—+) can be mainly attributed to rapidity of 
“saturation” during growth. 

The failure of growth to accelerate the excretion of isotopic fixed carbon 
of liver and kidney in month-old mice over the rate in the 2 month-old 
mice indicates that in partially grown animals the turnover of preexisting 
fixed carbon in these tissues is not stimulated by growth. The very rapid 
uptake of isotope in infant mice may be the result of rapid de novo synthesis 
of ‘‘saturated”’ compounds plus normal turnover of material already syn- 
thesized. This is not the case with bone carbonate (7), where turnover of 
preexisting material is greatly stimulated by continued growth. Because 
of structural rigidity, bone must be partially destroyed in order to grow 
but it seems that soft tissues may grow by simple accretion without con- 
comitant destruction of preexisting material. 

Two possible mechanisms could explain the ‘“‘overshoot” in the specific 
activity of growing mouse tissue: (a) CO» fixation may play a more active 
part in the synthetic processes of early growth than in adult restorative 
anabolism, or (b) the tissue CO, tension may be low in infant mice, causing 
the specific activity of the CO» available for fixation to be higher. Certain 
aspects of the results point to the second mechanism. If COs: fixation were 
proportionately more active in infant mice, the isotope concentration in 
the tissues would be expected to be higher at birth. However, at birth the 
tissues have a specific activity no higher than the adult level. The increase 
begins at the time of birth. Furthermore, the high isotope level found in 
the early chick embryos almost certainly results from a low CO: tension in 
tissue for, if the CO, partial pressure in the 4 day chick were as high as in 
adult mammalian tissue, it would be necessary to conclude that approx- 
imately 30 per cent of the chick’s total carbon had originated from CO:. 
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Comparison of data obtained from adult mice and rats leads to an 
interesting deduction. As estimated from animal weights (11), the meta- 
bolic rate per unit mass of tissue on these mice was approximately twice 
that of the rats. Most of the fixed carbon content of liver (12) and prob- 
ably of other tissues is in the protein-bound amino acids. After the animals 
had become isotopically “saturated,” the specific activity was found to be 
equal in rats and mice. Therefore, the specific activity of the free amino 
acid pools in these species must also have been equal since these pools 
supply the material for protein synthesis. In the accompanying schematic 
representation it is evident that the sources of free amino acids may be 
placed in three categories. 


Tissue protein 
(a)| T(b) 
Free amino acids <——— diet 
(fe) Ny (d) 
CO, 


The rate of the first source, hydrolysis of tissue protein (a), will not affect 
the specific activity of the amino acid pools, once isotopic ‘‘saturation”’ has 
occurred. Since the metabolic rate in mice is twice that of rats, the second 
source, dietary intake of amino acids and of amino acid precursors which 
will not become labeled (c), is twice as great in mice per mass of tissue. 
To balance the specific activity of the amino acid pools it is then necessary 
that the third source, fixation of CO, into precursors followed by amino 
acid synthesis (d), have a double rate in mice. This in turn requires that 
amino acid oxidation and excretion (e) be twice as rapid in the smaller 
animals. Hence the exchange rate of CO. with free amino acids would 
seem to be proportional to the over-all metabolic rate. 

If the rate of exchange of free amino acids with protein were also propor- 
tional to the metabolic rate, the initial uptake of labeled amino acids into 
protein should be twice as rapid in the mice. However, the results show 
that at the beginning of the exposure the rates are approximately the same. 
This fact indicates that the protein turnover rates in these species are not 
proportional to the over-all metabolic rates, but are essentially equal. 
Protein turnover, rather than CO, fixation, appears to determine the ac- 
cumulation rate of fixed carbon. 


SUMMARY 


1. The effect of growth and animal size on fixed carbon turnover has 
been studied in rats, mice, and chick embryos constantly exposed to C™Os. 

2. Of the total fixed carbon present in several tissues, 1.6 to 3.4 per cent 
has been fixed from COs. 

3. The tissues of new born mice rapidly acquire isotope in excess of the 
concentration found after prolonged exposure of adults, but as growth con- 
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tinues, the excess is excreted. The uptake of isotopic fixed carbon is as 
rapid in the adult rat as in the adult mouse. 

4. The tissues of early chick embryos attain very high specific activities 
when exposed to C“O». As the embryos become larger, the tissue isotope 
concentration greatly diminishes. 
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ACETYLATION OF AMINO ACIDS BY ENZYMES 
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Stadtman ef al. (1) recently described a cyanide-induced acetylation of 
amino acids by enzymes derived from Clostridium kluyvert. The present 
paper gives a more detailed account of the properties and specificity of 
this enzyme system. 


Materials and Methods 


The experiments were done with dried cells of C. kluyveri, Lots Q and 
R, prepared by the method of Stadtman and Barker (2). Lot R con- 
tained 1.2 um of volatile acids, consisting mostly of caproic acid with a 
little acetic and butyric acids, and 3.2 um of non-protein amino nitrogen 
per 25 mg. of dried cells. The enzymes responsible for acetylation of 
amino acids are not readily inactivated by exposure to oxygen and therefore 
the suspensions were generally made by grinding the dried cells in a mortar 
with sufficient water or buffer to give a 10 per cent suspension. When 
cyanide was present, no other reducing agent was required. 

Acetyl phosphate was used as the dilithium salt prepared by the method 
of Bentley (3) as modified by Lipmann and Tuttle (4), or by the method 
of Stadtman and Lipmann (5). 

Acetylglycine was prepared by the method of Herbst and Shemin (6). 
The same method, appropriately modified, was used to prepare radioactive 
acetylglycine, labeled in the carboxyl group of the glycine moiety with 
C4’. The specific activity of the product was approximately 0.5 uc. per 
mg. Synthetic «-monoacetyl-L-lysine was prepared by the method of 
Neuberger and Sanger (7), and diacetyl-L-lysine by acetylation of lysine 
with excess acetic anhydride in the presence of barium hydroxide. 

Separation and identification of acetylated amino acids were generally 
carried out by a modification of the one-dimensional chromatographic 
method of Lugg and Overell (8), with No. 1 Whatman filter paper. Sam- 
ples were deproteinized and desalted by admixture with 9 volumes of 95 


*This work was supported in part by a research grant from the Division of Re- 
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per cent ethanol. The supernatant was evaporated to dryness and the 
acetylated amino acids were extracted from the residue with a small yol- 
ume of 50 per cent ethanol. A 0.01 to 0.02 ml. aliquot containing 0.2 to 
1.5 um of each V-acetyl derivative was applied to the paper and the chro- 
matogram was developed with butanol-acetic acid-water or isoamy] al- 
cohol-acetic acid-water. 

Most of the acetylated amino acids are acidic substances that can be 
detected by spraying the chromatogram with a weakly alkaline 0.05 per 
cent solution of brom cresol green. The minimal amount of acetylated 
amino acid that can be detected is 0.1 um. With more than 1.5 um, the 
spot becomes diffuse and the A,r value is less reproducible. Fp values 
for several acetylated amino acids are given in Table I. With the pure 


TABLE I 
Rr Values for Acetylated Amino Acids 
Ascending method. No. 1 Whatman paper. Solvent, butanol 80 volumes per 
cent, acetic acid 20 volumes per cent, plus sufficient water to saturate the organic 
phase. Spray, 0.05 per cent aqueous solution of brom cresol green, pH 6. 


Compound Rr 


compounds the values are reproducible to +0.02. In the presence of salts 
the Rr values are more variable and streaking of the spots occurs. Alco- 
hol-soluble buffers such as tris(hydroxymethyl)aminomethane (Tris) should 
be avoided for this reason. 

The two monoacety! derivatives of lysine, which are neutral compounds, 
were detected by spraying with a solution of ninhydrin. 

Two-dimensional paper chromatograms of mixtures containing free and 
acetylated amino acids were made by the method of Benson cf al. (9). 
The solvents were butanol-propionic acid-water and phenol-water. For 
making radioautographs of paper chromatograms, the specifie activity of 
the substrate was chosen to give 0.001 to 0.1 we. per spot. 

Amino nitrogen was determined by the method of Moore and Stein 
(10) with the following modifications. The sample, usually 0.1 to 0.2 ml., 
was diluted to 5 ml. with 70 per cent ethanol and the precipitated protein 
and salt were removed by centrifugation. To remove cyanide, which 
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interferes even in high dilution, a suitable aliquot (0.1 to 0.2 ml.) of the 
neutral sample (pH 7.5 to 8.3) was placed in a test-tube and evaporated 
todryness on a steam bath. The residue was dissolved in 0.1 ml. of water 
and used for the determination. In a few experiments, glycine was de- 
termined by the specific colorimetric method of Alexander et al. (11). 

Acetyl phosphate was estimated by the method of Lipmann and Tuttle 
(12). In the presence of cyanide a high blank reading is obtained as a 
result of the formation of Prussian blue by reaction with iron salts in the 
system. Suitable blank corrections were made to compensate for this ef- 
fect. Inorganic phosphate was estimated by the Fiske-Subbarow method. 

Volatile acids were estimated by titration following steam distillation. 
Samples were deproteinized by admixture with 2 volumes of 0.15 N H.SO, 
and centrifugation. Cyanide, which interferes with the titration (phenol 
red end-point), was removed by adding an excess of a 5 per cent suspension 
of silver sulfate at the beginning of the distillation. 

Acetylglycine was determined by a modification of the acetyl phosphate 
method of Lipmann and Tuttle (12). These investigators found that 
acetamide reacts quantitatively with hydroxylamine when the reaction 
mixture is boiled for 15 minutes. We have applied this reaction for the 
estimation of acetylglycine after the removal of acety! phosphate and 
cyanide. To remove cyanide, a 0.1 to 0.2 ml. sample containing 2 to 10 
um of acetylglycine is added to a small tube containing twice the volume 
of 10 per cent (0.6 mM) silver nitrate. The mixture is made up to 1.5 ml., 
shaken, and centrifuged. 1 ml. of the supernatant solution is heated in a 
boiling water bath for 5 minutes to decompose acetyl phosphate. 1 ml. of 
3.5 N NaOH and 1.5 ml. of 40 per cent NH2OH-HCI solution are added 
to the cooled mixture and the tube is again placed in a boiling water bath 
for 20 minutes. To the cooled solution is added 1 ml. of 3 N HCl, 1 ml. 
of 12 per cent trichloroacetic acid, and 1 ml. of 5 per cent FeCl,-6H.O in 
0.1N HCl. After 5 minutes at room temperature the sample is centrifuged 
and read in the Evelyn colorimeter with a 540 mu filter and a 18.2 mm. 
(outside diameter) tube. For a standard, 0.2 ml. of a 0.01 M acetylglycine 
solution is used. A sample containing acetyl phosphate and cyanide but 
no acetylglycine and one containing only cyanide should be included in the 
assay. These samples, which should give the same reading in the colorim- 
eter, are used to determine the zero reading. An almost straight line is 
obtained when optical density (2 — log @) is plotted against the amount 
of acetylglycine up to 5 um, which gives a density reading of 0.89. 

Acetylglycine was hydrolyzed to glycine and acetate by treatment with 
1 N NaOH for 1.5 hours in a boiling water bath. The compound is not 
appreciably hydrolyzed by acid under the conditions (pH 1 to 2, 100°, 
10 minutes) used for the estimation of volatile acids. 
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EXPERIMENTAL 


Non-Enzymatic Acetylation—When acetyl phosphate and glycine are 
incubated in the absence of enzyme and cyanide, acetylglycine is formed. 
This non-enzymatic acetylation of amino acids has recently been reported 
independently by Koshland (13). The rate of non-enzymatic acetylation 
is relatively low. When 50 um of acetyl phosphate and 50 um of gly- 
cine are incubated in 1 ml. of 0.1 mM phosphate buffer, pH 8, from 1.0 to 
1.5 um of acetylglycine are formed per hour at 26°. Propiony! phosphate 
reacts similarly to give propionylglycine. Since the rates of enzymatic 
acetylation observed in our experiments were generally 10 to 20 times 
more rapid than the non-enzymatic reaction, the latter generally could 
be disregarded. However, when samples containing acetyl phosphate and 
glycine are not analyzed immediately, precautions must be taken to avoid 
further non-enzymatic acetylation. This can be done by cooling the 
samples to —18°, or by heating for 10 minutes at 95° after acidification 
to pH 2 to destroy residual acetyl] phosphate. At room temperature 
acetyl phosphate is relatively stable (14) and persists for several hours 
in a sample adjusted to pH 2.5. 

Stoichiometry of Enzymatic Glycine Acetylation—Acetylglycine is the 
main product of the reaction between acetyl phosphate and glycine in the 
presence of cyanide (1). Consequently, the reaction was formulated ac- 
cording to Equation 1. 


CH;COOPO;” + NH:CH:COOH — CH;CONHCH2COOH + (1) 


In order to establish the stoichiometry of the reaction experimentally, 
changes in acetyl phosphate, volatile acid, acetylglycine, amino acids, and 
inorganic phosphate were determined after several time intervals. The 
data given in Fig. 1 fully support the equation formulated above. Time 
curves of acetylation obtained with the two dried cell preparations are 
presented. With Lot Q, there is excellent agreement between the disap- 
pearance of acetyl phosphate and volatile acid and the formation of acetyl- 
glycine and inorganic phosphate. In other experiments a good agreement 
between the decrease in volatile acid and amino acid was noted. Thus 
the decrease in both substrates for 4, 1, and 4 hours was 5, 9, and 23.5 
um per ml. of volatile acid, and 4.5, 10, and 25.5 um per ml. of glycine. 
With Lot Q, the more active of the two preparations, acetylation con- 
tinued until the acetyl phosphate was virtually exhausted, and the hydrol- 
ysis of acetyl phosphate, which was appreciable in the absence of glycine, 
was completely suppressed. The course of the reaction was somewhat 
different with dry cell preparation Lot R. The rate was slower, and, with 
glycine levels of 50 um per ml., the reaction did not go to completion. 
Acetyl phosphate disappearance and acetylation were at first identical, but, 
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after some time, the rate of acetylation decreased sharply and hydrolysis 
of acetyl phosphate became apparent. 

The two curves are typical for the kinetics of the reaction at optimal 
conditions of pH and cyanide. Under other conditions hydrolysis of 
acetyl phosphate proceeds from the start, and therefore the disappearance 
of acety] phosphate is due to simultaneous acetylation and hydrolysis. 
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TIME IN MINUTES 
Fic. 1. The stoichiometry of glycine acetylation. The reaction mixture con- 
tained per ml. the following: 200 um of tris(hydroxymethyl)aminomethane-H2SO4 
buffer, 50 um of glycine, 50 um of dilithium acetyl phosphate, 400 um of potassium 
evanide-H»SO4, and 25 mg. of dry cells, Lots R and Q, respectively. Initial pH 
with Lot R, 8.2; Lot Q, 8.5. 27°. 


Factors Influencing Rate of Acetylation 


Cyanide Concentration—Preliminary experiments showed that cyanide 
does not induce appreciable acetylation of glycine, measured by volatile 
acid disappearance, unless the concentration is 0.01 M or above. By the 
use of a more precise analytical method, slow acetylation could undoubt- 
edly be detected at somewhat lower cyanide concentrations. 

Table II gives the results of an experiment in which cyanide concentra- 
tion was varied from 0.1 to 0.8 m. In this experiment cyanide was added 
as the sodium salt. Later it was found that sodium ion, in contrast to po- 
tassium ion, markedly inhibits the acetylation reaction. Therefore, a 
correction was made for sodium inhibition, based upon the results given in 
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Table IV. From the corrected results, given in the last column of Table 
II, it appears that the rate of acetylation is almost directly proportional 
to cyanide concentration from 0.1 to 0.4 mM. At higher levels the rate 
increases more slowly. In most subsequent experiments, 0.4 M cyanide was 
used. 

In addition to stimulating acetylation, cyanide suppresses acety! phos- 
phate hydrolysis. This is illustrated by an experiment in which cyanide 
was added at 0, 0.1, and 0.2 M levels. The quantities of acetylglycine 
formed enzymatically were 0, 20.8, and 33.4 um per ml., respectively, 
whereas the corresponding quantities of acetyl phosphate hydrolyzed 


TaBLe II 
Influence of Cyanide Concentration on Rate of Acetylation 
The reaction mixture contained per ml. the following: 50 um of glycine, 50 um of 
lithium acetyl phosphate, 100 um of potassium phosphate buffer, pH 8, 25 mg. of 
dried cells of Lot R, and the indicated amounts of sodium cyanide adjusted to 
pH 8 with sulfuric acid. Incubated anaerobically for 60 minutes at 26°. All values 
are corrected for non-enzymatic acetylation. 


Volatile acid disappearance 
Cyanide added | 


Observed Corrected 

uM per mi. peg. per mi. | weg. per 
100 | 6.0 | 7.5 
200 | 11.5 | 15.9 
400 | 19.5 | 30.4 


800 | 21.0 | 40.4 


(decomposition not accounted for by acetylglycine formation) were 9.2, 
3.4, and 1.9 um per ml. 

Acetyl Phosphate Ciuentition—The influence of acety] phosphate con- 
centration on acetylation is illustrated in Fig. 2. From the data it can 
be estimated that a concentration of approximately 0.15 m is required to 
saturate the enzyme, the maximal velocity of acetylation at this concen- 
tration being 0.88 um per ml. per minute. The Michaelis constant for 
acetyl phosphate is about 0.013 m. In most experiments 0.05 M acety! 
phosphate was used. 

Glycine Concentration—The effect of glycine concentration on acetylation 
is illustrated in Fig. 2. In contrast with acetyl phosphate, increasing the 
glycine level above 0.01 m has little effect on the reaction rate. The slow 
acetylation in the absence of added glycine is due to acetylation of free 
amino acids and proteins in the enzyme preparation. In most experiments 
0.05 m glycine was used. 

Enzyme Concentration—In the range between 14 and 25 mg. of dried 
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cells of Lot Q per ml., the rate of acetylation is directly proportional to the 
quantity of cells. Other levels were not tested. Under optimal condi- 
tions acetylglycine was formed at the rate of approximately 2.0 um per 
hour per mg. of dried cells. 

pH—The data given in Table III show that acetylation occurs in the 
range from about pH 6.0 to above pH 9.4. The rate is maximal in the 
region between pH 7.7 and 8.3. In other experiments, the rate at pH 
10.0 was found to be approximately half of that at pH 8.0. Above pH 
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Fic. 2. The effect of acetyl] phosphate and glycine concentrations on the rate of 
acetylation. The reaction mixtures contained per ml. the following: 400 um of 
KCN-H2SO4, pH 8.5, 200 um of tris(hydroxymethyl)aminomethane-H2SO, buffer, 
pH 8.5, and 25 mg. of dried cells of Lot Q. One mixture contained 50 um of acety! 
phosphate and the indicated amounts of glycine; the other contained 50 uM of gly- 
cine and the indicated amounts of acetyl phosphate. The samples were incubated 
for 15 minutes at 26°. 


10, the increasing lability of acetyl] phosphate makes it difficult to obtain 
reliable data. Below pH 7.5, the rate of acetylation decreases more rap- 
idly than the rate of hydrolysis; hence acetyl phosphate disappearance is 
not a satisfactory measure of acetylation. 

Since acid is formed during acetylation, the initial pH of the reaction 
mixture should be 8.3 to 8.5 to insure a maximal rate over a period of time. 
Tris buffer at a concentration of 0.2 M gives satisfactory buffering in this 


range. 

Potassium and Sodium Ion Concentration—Stadtman (15) found that 
potassium or ammonium ions are essential for the action of the enzyme 
phosphotransacetylase, whereas sodium and to a lesser extent lithium 
ions are inhibitory. Since phosphotransacetylase is probably a component 
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of the amino acid-acetylating system, the influence of the potassium-sodium 
ratio on the rate of acetylation was investigated. 

The data of Table IV show that the rate of acetylation is markedly de- 
pendent upon the relative concentrations of the two cations. The rate js 
most rapid when potassium is the predominant cation. However, even 
with a very low potassium-sodium ratio, acetylation occurs at an appre- 
ciable rate. It should be noted that several of the experiments reported 
in this paper were done with reaction mixtures similar to Sample 3 (Table 
IV) in which the rate is approximately 60 per cent of that in a high potas- 
slum system. 


TABLE III 
Influence of pH on Rate of Acetylation 
The reaction mixture contained per ml. the following: 60 um of glycine, 70 um of 
dilithium acetyl phosphate, 400 um of sodium cyanide-H2SQq4, 100 um of K2HPO,, 
and 25 mg. of dried cells of Lot Q. The pH was adjusted as indicated with HSO,. 
Incubated for 60 minutes at 26°. 


pH 
Volatile acid disappearing 
Initial Final 
per. per mi. 
6.4 6.1 4 
6.9 6.5 21 
7.8 | 6.9 31 
8.5 7.8 36 
9.0 8.7 27 
9.4 9.0 25 


The response of this system to sodium and potassium ions suggests that 
phosphotransacetylase is involved in the acetylation reaction. 

Replacement of Cyanide by Other Compounds—Cyanide has a variety of 
properties, any one of which might be responsible for catalyzing the acetyla- 
tion of amino acids. For example, it combines with metalloporphyrins to 
form stable complexes, reacts with carbony! groups to give cyanhydrin, and 
functions as a reducing agent. In an attempt to define the action of 
cyanide, several other compounds were tested for ability to activate 
glycine acetylation. 

The compounds tested were sodium azide, sodium sulfide, sodium sulfite, 
cysteine, hydrazine, semicarbazide, and a,a’-dipyridyl. The concentra- 
tion used was 0.1 M, except with dipyridyl which was tested at 0.005 and 
0.01 m. Other conditions were the same as those described in Fig. 1. The 
results of the tests were determined by measuring acetyl phosphate and 
volatile acid disappearance, acetylglycine formation, and by making paper 
chromatograms to identify acetylglycine. 


‘ 
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The only compound found to replace cyanide was sodium azide. With 
sulfide the decomposition of acetyl phosphate occurred at the same rate as 
ina control without cyanide or other activators. When sulfide was added 
alone with cyanide, both compounds being 0.1 M, the rate of acetylation 
was the same as with cyanide alone. Sulfite, hydrazine, and semicarbazide 
greatly accelerated the decomposition of acetyl phosphate but did not cause 
acetylation of glycine. Cysteine and dipyridy] had no significant effect. 

At 0.025 M, azide is as effective as cyanide in inducing acetylation, but 
at higher concentrations it is less effective. In an experiment in which the 
effects of the two compounds were compared at levels of 0.1 and 0.2 Mo, 
azide caused the formation of 13.2 and 12.5 um of acetylglycine per ml., 


TaBLe IV 
Influence of Potassium and Sodium Ions on Rate of Acetylation 

The reaction mixture contained per ml. the following: 50 um of lithium acetyl 
phosphate, 50 um of glycine, 100 um of phosphate buffer, pH 8.0, 450 um of cyanide- 
H.SO4, pH 8.1, and 25 mg. of dried cells of Lot R. The cations associated with 
the cyanide and phosphate were varied to give the indicated potassium-sodium 
ratios. The total concentration of the two ions in all samples was 654 weq. per ml. 
Incubated anaerobically at 26°. 


| 
Sample No. | Molar ratio, eS Volatile acid disappearance 
| peg. per mil. 
] | 0.003* 7.0 
2 | 0.04 8.0 
3 | 0.31 14.5 
4 | 1.00 25.0 


* This corresponds to the potassium present in the bacterial preparation; no K* 
was added to this sample. 


respectively, whereas the corresponding values with cyanide were 20.8 and 
33.4 uM per ml. It will be noted that the effectiveness of azide does not 
increase with concentration above 0.1 M. 

The above observations permit some negative conclusions concerning the 
mode of action of cyanide and azide. The inactivity of sulfide and cysteine 
indicates that the reducing properties of cyanide and azide do not account 
for their effects. The inactivity of dipyridyl] shows that the binding of 
ferrous iron is not the critical factor. 

Specificity of Acetyl Acceptor—Stadtman et al. (1) reported that several 
amino acids including glycine, leucine, serine, lysine, and proline can serve 
as acetyl acceptors in the C. kluyveri system. In the present study a num- 
ber of additional amino compounds have been tested as substrates for the 
acetylation reaction. The tests were carried out under the conditions 
described in Fig. 1, except that the amino compounds were generally 
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added at a concentration of 0.2 mM. The reaction was followed by the dis. 
appearance of acetyl phosphate and volatile acid. With a few com- 
pounds, the decrease of the substrate was determined directly. 

The results showed that glycyl-L-leucine, bL-alanylglycine, glycine ethy| 
ester, and ethanolamine react at about the same rate as glycine. Several 
compounds react 50 to 75 per cent as fast as glycine, including glucosamine, 
methylamine, dimethylamine, ethylamine, and @-alanine. Aromatic amines 
react much more slowly. Sulfanilamide and p-aminobenzoic acid, provided 
at a concentration of 0.02 mM, are acetylated about one-tenth as fast as 
glycine. This was determined by following the disappearance of these 
compounds by the method of Bratton and Marshall (16). Three com- 
pounds tested, choline, ammonia, and pantothenic acid, did not react toa 
demonstrable extent. 

Acetylation of Lysine—In preliminary experiments (1) on the enzymatic 
acetylation of the mixed amino acids present in casein hydrolysate, it was 
observed by the use of paper chromatography that several amino acids, 
including lysine, were almost completely used up and some new compounds 
~were formed that reacted with ninhydrin. A possible explanation of this 
result is the conversion of lysine to a monoacetyllysine that would still 
react with ninhydrin by virtue of its free amino group. An investigation of 
the product of lysine acetylation was undertaken to clarify this point. 

The enzymatic acetylation of L-lysine was done in a reaction mixture 
containing radioactive acetate which was allowed to equilibrate with acety] 
phosphate before the sodium cyanide (0.1 M) and lysine were added. — Other- 
wise the conditions were essentially those given in Fig. 1. Paper chroma- 
tograms of the reaction mixture were examined for acidic substances by 
spraying with brom cresol green indicator, for amino compounds by 
spraying with ninhydrin, and tor radioactive compounds by making radio- 
autographs. 

The paper chromatograms showed the presence of two radioactive com- 
pounds, one at least 10 times as abundant as the other. The more abun- 
dant compound had an Ry, value of 0.41 to 0.45, gave a purple color with 
ninhydrin, and was non-acidic. These properties indicate it to be a mono- 
acetyllysine. Since the Re value of synthetic e-acetyllysine was found to be 
0.39, the enzymatic product was probably a-acetyllvsine. The less abun- 
dant compound had an FR, value of 0.78, was acidic, and did not react with 
ninhydrin. These properties agree with those of diacetyllysine (ir, 0.78). 

An attempt was made to increase the vield of diacetyllysine by carrying 
out the acetylation reactions with an excess of acetyl phosphate. Even 
under these conditions the yield was much lower than that of the mono- 
acetyl derivative, judged from the relative sizes of the spots on a paper 
chromatogram. This indicates that one of the amino groups of lysine, 
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probably that on the ¢ position, is much more slowly acetylated than the 
other or that the acetylation of one group interferes with the acetylation of 
the other. 

Acetate Activation by Adenosinetriphosphate (ATP)—Since acetyl phos- 
phate reacts with adenosinemono- and diphosphates to form ATP in the C. 
kluyvert system, an experiment was performed to find out whether ATP 
ean activate acetate for the cyanide-induced acetylation of glycine. The 
data of Table V show that ATP is much less effective than acetyl phos- 
phate as an energy source. A possible inhibitory effect of ATP was ex- 
cluded by showing that the addition of ATP to a reaction mixture con- 
taining acetyl phosphate did not reduce the rate of acetylation. 

Other Possible Reactions of Acetylglycine-—-A possible explanation for the 
role of cyanide in the accumulation of acetylated amino acids is that it 


TABLE V 

Comparison of ATP and Acetyl Phosphate As Activators of Acetate 
The reaction mixture contained 50 um of glycine, 200 um of KCN, pH 8.2, and 
30 mg. of dry cells of Lot Q per ml. of 0.2 mM tris(hydroxymethyl)aminomethane 
buffer, pH 8.5. Other compounds were added as indicated in the following amounts 
per ml.: potassium acetate 60 um, ATP potassium salt 23.5 um, dilithium acetyl 
phosphate 20 um. All] samples were incubated for 2 hours at 27°. 


Addition Acetylglycine 
uM per ml 


inhibits an enzyme which, in the absence of cyanide, destrovs the acety- 
lated compounds as fast as they are formed. However, no evidence could 
be obtained for the hydrolysis, phosphorolysis, or arsenolysis of acetylgly- 
cine in the absence of cyanide. Also attempts to show an acetyl transfer 
reaction between acetviglvcine and leucine, both in the presence or absence 
of cyanide, were unsuccessful. 
DISCUSSION 

The results here reported prove that dried cell preparations of C. kluy- 
ver? contain an enzyme system which, in the presence of acetyl phosphate 
and a suitable concentration of cyanide or azide, can acetylate a large 
number of amino acids and aliphatic amines. Compounds readily acety- 
lated include the common amino acids (both p and L forms), dipeptides, 
methylamine, glucosamine, and ethanolamine. The acetylation of egg 
albumin in this system was previously reported (1). Aromatic amines 
and choline, which are readily acetylated by specific animal enzymes (17, 
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18), react very slowly or not at all in the bacterial system. In general, 
the C. kluyvert system is able to acetylate a much greater variety of com- 
pounds than the animal systems. It is not yet known whether the versa- 
tility of the system is due to one or a group of enzymes, although the former 
seems more likely. 

The present study confirms the earlier observation (1) that a rather high 
cyanide concentration is required for maximal activation of the acetylating 
system. Whereas cyanide is generally effective as an inhibitor in bio- 
logical systems at concentrations of 0.005 m or less, in the acetylation 
reaction the activating effect of cyanide becomes just noticeable at 0.01 x 
and increases with concentration up to at least 0.8 m. Azide can replace 
cyanide as an activator but is considerably less effective, particularly at a 
level of 0.1 M or above. The mode of action of cyanide and azide is not 
apparent, although it is probable that neither the reducing nor metal- 
binding properties of the compounds are involved. These compounds do 
not act by inhibiting the decomposition of acetylated amino acids. 

Active acetate can be provided in biological systems by the action of 
the enzyme phosphotransacetylase on acetyl phosphate or by an enzyme 
complex that acts on ATP and acetate. The demonstration that acetyl 
phosphate is a much more effective acetate donor than ATP and acetate 
in the C. kluyvert acetylation system indicates that acetyl phosphate is 
serving directly as an acetyl donor through the mediation of phosphotrans- 
acetylase and coenzyme A rather than as a phosphate donor to the adenylic 
acid system. Further indirect evidence for the participation of phospho- 
transacetylase in acetylation is provided by the observation that sodium 
ion inhibits and potassium ion accelerates the process. Similar effects 
have been observed with purified phosphotransacetylase (14). 


The authors wish to thank Dr. E. M. Gal for providing the acetyl- 
alanine, acetylvaline, and acetylleucine. 


SUMMARY 


Acetyl phosphate and glycine have been shown to be converted almost 
quantitatively to acetylglycine by dried cell preparations of Clostridium 
kluyvert in the presence of cyanide. The influence of substrate concentra- 
tions and other factors on the reaction rate have been studied and the op- 
timal conditions established. Amino acids and a variety of aliphatic amines 
are reactive in this system, but not aromatic amines or choline. Mono- 
acetyllysine, probably substituted in the a position, is the main product 
of lysine acetylation. Acetylated amino acids do not undergo hydrolysis 
or participate in transacetylation reactions either in the presence or absence 


wn 
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of cyanide. A method for the estimation of acetylated amino acids is 
described. 
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ACYLGLYCINES BY ENZYMES OF CLOSTRIDIUM 
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(From the Division of Plant Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, March 31, 1952) 


In the presence of cyanide, dried cell preparations of Clostridium kluy- 
veri convert acetyl phosphate and glycine to acetylglycine (14). Some evi- 
dence has also been presented which suggests that propionylglycine may 
be formed by a similar reaction. The present paper describes the enzy- 
matic svnthesis of propionyl-, n-butyryl-, isobutvryl-, valeryl-, and n-cap- 
roylglycines and defines the conditions required for the activation of the 
corresponding fatty acids. 


Materials and Methods 


All experiments were done with dried cell preparations of C. kluyveri, 
Lots R and Q. Some properties of these preparations and several meth- 
ods used in studying acetylation of amino acids have already been de- 
scribed (14, 7). 

Propiony! and n-butyryl phosphates, prepared by the methods of Lip- 
mann and Tuttle (11) and Lehninger (10), were used as the sodium salts. 
Propionyl, n-butyryl, n-valeryl, and n-caproyl derivatives of glycine were 
prepared by the action of the corresponding acyl chlorides on glycine in 
alkaline solution (2) and were recrystallized two or more times from ethyl! 
ether. The products had the following melting points: propionylgly- 
cine 125.5-127° (literature value 126—127° (1)), n-butyrylglycine 68.5-70° 
‘Bondi and Eissler (2) give 70°), isobutyrylglycine 108°, n-valerylglycine 
80.5-82°, and n-caproylglycine 92°. 

The following analytical data were obtained for the three acylglycines 
not described in the literature. 


Isobutyrylglycine. Observed. C 49.76, H 7.44, N 9.71 
Theoretical. “ 49.65, “ 7.58, “ 9.65 
n-Valerylglycine. Observed. “ 52.86, “ 8.09, “ 8.72 
Theoretical. “ 52.83, “ 8.13, “ 8.80 
n-Caproylglycine. Observed. “ 55.53, “ 8.72, “ 8.12 
Theoretical. “ 55.47, “ 8.73, “ 8.09 


* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service, and by a contract with the Atomic Energy Commis- 
sion. 
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Considerable difficulty was experienced in determining the true melting 
point of valerylglycine. Some twice recrystallized samples of analytical 
purity melted between 70-74°. Melting points above 80° were obtained 
only after several additional recrystallizations and only with some prep- 
arations. 

Acetylglycine was hydrolyzed by heating with 1 N NaOH for 1.5 hours 
in a boiling water bath. Other acylglycines were heated for 4 hours under 
the same conditions. 

Chromatographic Separation of Acylglycines on Silica Gel—The method 
for the separation of acetylamino acids by chromatography on silica gel 


TaBLe I 
R and Rp Values of Acylglycines in Various Solvents 


RF values with No. 1 


R values on silica columns Whatman paper 


Glycine derivative | 


CBs | CBo | Ss 

| & | SR | 

| | 0.85 | 0.31 | 0.82 0.72 0.69 
| 0.95 0.65 0.88 0.79 0.79 


CB refers to per cent by volume of butanol in wet chloroform. Solvents for 
paper chromatography were prepared by adding 20 per cent by volume of glacial 
acetic acid to the respective alcohol and saturating with water. The chromato- 
graphs were developed by the ascending method at room temperature. fF is the 
ratio of the rates of movement of the solvent and the compound on the column. 


columns, developed by Gordon et al. (6), was extended to the separation 
of the acetyl, propionyl, n-butyryl, isobutyryl, n-valeryl, and n-caproy! 
derivatives of glycine. A sample of silica gel prepared by the above 
method for the separation of acetylamino acids was obtained from Dr. S. 
R. Elsden and was used with methyl orange or Alphamine Red R (East- 
man Kodak Company) indicator. The latter indicator is better because 
it does not elute readily. The R values (ratio of the rates of movement of 
the solvent and the compound) obtained are reported in Table I. The 
mixtures analyzed in the present work generally contained one of the lower 
derivatives, either acetyl- or propionylglycine, and one of the higher de- 
rivatives, either butyryl-, valeryl-, or caproylglycine. To separate val- 
eryl- or caproylglycine from the lower derivatives, CBy or CB; was used, 
and to separate butyrylglycine from propionylglycine or the latter from 
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acetylglycine, CBio was most useful (CB refers to per cent of butanol by 
volume in wet chloroform). Acetylglycine was finally recovered by elu- 
tion with CBeo. Each acid was titrated as it came off the column. The 
recovery from the columns, determined with butyrylglycine, was approxi- 
mately 90 per cent. 

Paper Chromatography—The method previously described for separa- 
tion and identification of acetylated amino acids was appropriately modi- 
fied (7). The higher acylglycine derivatives move too rapidly in butanol- 
acetic acid to give satisfactory separation and therefore other solvents 
were tested. The most satisfactory were n-pentanol, 2-methylpentanol, 
and 2-ethylhexanol, containing 20 volumes per cent of acetic acid and 
saturated with water. The acids were detected by spraying the paper 
with 0.05 per cent of alcoholic brom cresol green adjusted to the alkaline 
color. The Rr values are given in Table I. 


Experimental 


Propionylation of Glycine—Cyanide has been shown to accelerate the 
disappearance of propiony! phosphate, as well as acetyl phosphate, in the 
presence of dried cell preparations of C. kluyveri (14). By analogy with 
the acetylation reaction, this indicates that a propionylation of amino 
acids may occur in the presence of cyanide. To test this point, the reac- 
tion between propionyl phosphate and glycine was studied in more detail. 

A reaction mixture containing 83 um of lithium propiony! phosphate, 
50 um of glycine, 450 um of sodium cyanide neutralized with sulfuric acid, 
100 um of phosphate buffer, pH 8.1, and 25 mg. of dried cells, Lot Q, per 
ml., was incubated at 26° and the disappearance of acyl phosphate and 
volatile acid was determined at 20 minute intervals. During the Ist 
hour both propionyl phosphate and volatile acid decreased almost linearly. 
On further incubation the rate declined rapidly; after 90 minutes the vola- 
tile acid level remained constant, although propionyl phosphate continued 
to decompose slowly, probably as a result of phosphatase action. Almost 
equivalent quantities of propionyl phosphate (26.0 um) and volatile acid 
(26.5 uweq.) disappeared during the Ist hour. The product of the reaction 
was identified as propionylglycine by comparison with the synthetic com- 
pound by paper chromatography. Both compounds showed acidic prop- 
erties and Rr values of 0.76 when butanol-acetic acid was used as the de- 
veloping solvent. The presence of glycine in the enzymatic product was 
confirmed in a separate experiment with radioactive glycine and unlabeled 
propionyl phosphate as substrates. The reaction mixture was used to 
prepare a paper chromatogram and a radioautograph. An acidic spot cor- 
responding to propionylglycine was radioactive. Glycine was the only 
other radioactive compound present in appreciable amount. 
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In another experiment, enzymatically synthesized crystalline propiony!- 
glycine was isolated by a combination of solvent extractions and silica gel 
chromatography. After two recrystallizations from ether, the melting 
point and mixed melting points with synthetic propionylglycine were 
126-127°. 

Relative Rates of Propionylation and Acctylation—Fig. 1 gives a compari- 
son of the rates of acetylation and propionylation of glycine under identi- 
cal conditions and shows that the rates of both reactions were constant 


50 
| ACETYLATION 


DISAPPEARANCE OF VOLATILE ACIDS 
(uM PER ML) 


© 20 40 60 80 10 120 140 160 
TIME IN MINUTES 
Fie. 1. Acetylation and propionylation of glycine. The reaction mixture con- 
tained per ml. the following: 450 ym of NaCN-HeSO,, pH 8.1, 100 um of KoHPO, 
KHePO, buffer, pH 8.1, 50 um of glycine, SO ym of dilithium acetyl phosphate or 
propiony! phosphate, and 25 mg. of dried cells of Lot Q. 26°. 


and almost identical for the first 40 minutes. Thereafter, both reactions 
began to slow down, propionylation declining more rapidly than acetyla- 
tion. Under the conditions used in this experiment, the maximal rate 
with both substrates was close to 0.5 weq. per minute with a dried cell con- 
centration of 25 mg. per ml. 

Butyrylation of Glycine—Because both acetyl phosphate and propiony! 
phosphate can serve as acylating agents in the enzyme system, it seemed 
worth while to test the reactivity of the higher acy! phosphates. 

Butyryl phosphate was tested several times under the same conditions 
which were used with the lower homologues, but no evidence of butyryla- 
tion could be detected. The rate of butyryl phosphate decomposition 
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over a period of 2 hours was the same in the presence and absence of cya- 
nide. In the presence of cyanide there was no significant disappearance 
of volatile acid. 

The failure of butyryl! phosphate to serve as a butyryl donor to glycine 
was not unexpected in view of the earlier observation that butyryl phos- 
phate cannot serve as a precursor of caproic acid (13). However, it has 
been shown that acetyl phosphate and butyrate can be converted to cap- 
roate. Since this presumably involves an activation of the butyrate 
molecule, we decided to find out whether acety! phosphate in an analogous 
manner can activate butyrate for the butyrylation of glycine. 

The experiment was done by the use of a reaction mixture containing 
60 um of lithium acetyl phosphate, 50 um of glycine, 320 um of sodium cya- 
nide adjusted to pH 8 with sulfuric acid, 50 um of sodium butyrate, and 25 
mg. of dried cells of Lot R per ml. of 0.1 M potassium phosphate buffer, 
pH 8. In control samples the butyrate was substituted by sodium acetate 
or omitted, respectively. During a | hour incubation period, the amounts 
of acety| phosphate decomposed (21.5 to 24.5 um per ml.) and volatile 
acid disappearing (18.0 to 21.0 um per ml.) differed only slightly in the 
samples with and without added fatty acid. In this connection, it should 
be noted that even the control sample contained considerable acetate de- 
rived from hydrolysis of acetvl phosphate. After 2 hours incubation 
about 30 um of glycine were acylated per ml. of each sample. The prod- 
ucts were then examined by the method of paper chromatography and it 
was shown that, in the sample with butyrate, both acetyl- and butyryl- 
givcines were formed, whereas only acetylglycine was found in the con- 
trols. ‘The size of the spots derived from the sample with butyrate indi- 
eated that approximately half as much butyrylglycine as acetylglycine 
was formed. Further information on the butyrylation of glycine is given 
in the next section. 

Formation of Higher Acylglycines—The formation of higher acylgly- 
cines was investigated by incubating the fatty acids with the enzyme 
preparation in the presence of acety! phosphate, glycine, and cyanide. 
Preliminary experiments indicated that n-butyrate, isobutyrate, and n-val- 
erate are readily converted to the corresponding acylglycines, whereas 
isovalerate, n-caproate, and n-heptanoate react much more slowly, if at 
all. 

An experiment was designed to isolate the higher acylglycines and to 
obtain at least semiquantitative data on the relative rates of their forma- 
tion. The reaction mixtures contained, per ml., 55 um of lithium acety! 
phosphate, 400 um of sodium eyanide, 100 um of potassium phosphate buf- 
fer, pH! 8.0, 100 um of glycine, 25 mg. of dried cells of Lot R, and 100 um 
of sodium n-butyrate, isobutyrate, or n-valerate. The total volume of 
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each mixture was 55 to 70 ml. After incubating for 6 hours at 26° ap- 
proximately 30 um of glycine had disappeared per ml. in each of the three 
reaction mixtures. 

The reaction products were isolated in the following way. Each digest 
was acidified to pH 3 with H.SO,, boiled for 1 to 2 minutes, centrifuged, 
and the protein precipitate washed thoroughly. The supernatant was 
concentrated tn vacuo to 5 ml., adjusted to pH 2.0, and steam-distilled to 
remove volatile acids. The residue was evaporated to dryness in vacuo 
and extracted eight times with 10 ml. of 95 per cent ethanol. The alco- 
holic extract was evaporated to dryness and the residue dissolved in 6 to 
8 ml. of water. The aqueous solution was extracted six times with 5 
volumes of chloroform containing 20 volumes per cent of butanol. All of 
the higher acylglycines and most of the acetylglycine were extracted by 
this procedure. The extract was evaporated to dryness and the residue 
extracted four times with 5 ml. of boiling ether to separate the higher 


Taste Il 
Weights of Ether-Soluble and Ether-Insoluble Fractions 
Substrate Ether-soluble fraction | Ether-insoluble fraction 
me. 


acylglycine (soluble in ether) from acetylglycine (sparingly soluble). The 
ether-insoluble fractions, which consisted mainly of crystalline acetylgly- 
cine, were shown chromatographically to contain no other acylglycine in 
significant amounts. The ether-soluble fractions were shown chromato- 
graphically to be mostly higher acylglycines contaminated with a little 
acetylglycine. The weights of the fractions are given in Table If. On 
the assumption that the higher acylglycines at this stage were 70 per cent 
pure and were recovered without loss, the estimated yields of n-butyryl-, 
isobutyryl-, and n-valerylglycines were 8.5, 3.5, and 2.5 um per ml., re- 
spectively. Since 30 um of glycine disappeared per ml., the per cent of 
the total converted to the higher homologue was approximately 27, II, 
and 8.5, respectively. These figures give a rough measure of the relative 
rates of reaction of the three fatty acids, compared to acety! phosphate, 
under the chosen experimental conditions. 

The higher acylglycines in the ether-soluble fractions were further puri- 
fied by chromatography on silica gel columns. All three samples were 
found to contain small amounts of impurities that moved on the column 
at rates different from the main bands. The eluate containing the main 
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band from each sample was evaporated to dryness and the residual crystal- 
line material was recrystallized from ether. 

The crystalline product obtained from the reaction mixture with n-butyr- 
ate was identified as n-butyrylglycine by the following properties: R 
value on silica column with CB, 0.19 (synthetic n-butyrylglycine 0.20), 
m.p. 69-70° (synthetic 68.5-69.5°), mixed melting point 68.5-69°, acid 
equivalent weight 152 (theory 145.2). After alkaline hydrolysis the com- 
pound gave LOL per cent of the theoretical yield of volatile acid, identified 
as n-butyric acid by Duclaux distillation and by paper chromatography (8). 

The crystalline product originating from the isobutyric acid reaction 
mixture was identified as isobutyrylglycine by the following properties: 
R value on silica column in CB; 0.21 (R value for synthetic isobutyrylgly- 
cine Was not determined, but is probably very close to that of n-butyryl- 
glycine 0.20), acid equivalent weight 150.5 (theory 145.2); alkaline hydrol- 
ysis yielded 99.5 per cent of the theoretical volatile acid, identified as 
isobutyric acid by Duclaux distillation. It may be noted that the Duclaux 
distillation values for normal and isobutyric acids are very different. 

The crystalline product derived from n-valeric acid was identified as 
n-valerylglycine by the following properties: R value on silica column in 
CB, 0.8 (synthetic n-valerylglycine 0.85) and in CBy 0.30 (synthetic 0.31), 
m.p. 80.5°, mixed melting point with synthetic n-valerylglycine 80.5- 
81°. Alkaline hydrolysis yielded 95 per cent of the theoretical volatile 
acid, identified as n-valeric acid by Duclaux distillation and by paper 
chromatography. 

A previous experiment showed that n-caproate is utilized very slowly, if 
at all, in the acylation of glycine. In order to find out whether caproate 
is capable of participating to a small extent in this type of reaction, an ex- 
periment was performed with C-labeled caproate. 

The reaction mixture was similar to that used in the previous experiment. 
Sodium caproate-1-C™ was added at a concentration of 75 um per ml.; the 
specific activity was 1.47 * 10° e.p.m. per um. A control sample with 
boiled enzyme was used to test for non-enzymatic formation of caproyl- 
glycine. After incubating for several hours, each reaction mixture was 
acidified, deproteinized, and steam-distilled to remove residual fatty acids. 
The non-volatile residue was evaporated to dryness and extracted with 
alcohol. The extract from the control sample was not radioactive, indi- 
cating the non-occurrence of non-enzymatic caproylation. The extract 
derived from the sample incubated with dried cells showed a count of 
1500 ¢.p.m. per ml. when made up to the original volume. This corre- 
sponds to 1.4 per cent of the added C™ or 1.0 um per ml. of caproylglycine. 
Since the total acylation, measured by volatile acid disappearance, was 
32 uM per ml., the amount of caproylglycine formed was 3.2 per cent of the 
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acetylglycine. A comparison of this figure with those obtained in experi- 
ments with n-butyrate and n-valerate shows that the reactivity of the 
fatty acids in this system decreases rapidly as the chain length increases, 

The products of the above reaction were characterized by their R, 
values on paper, with 2-ethylhexanol as the developing solvent. A radio- 
active and acidic spot of Rr = 0.80 corresponded to n-caproylglycine 
(Rr = 0.79 for the synthetic compound). A large spot of acetylglycine 
was found at Rr = 0.22. In the control sample without enzyme, only 
acetylglycine could be detected. 

Butyrate Activation by Propionyl Phosphate —An experiment was carried 
out to find out whether propiony! phosphate can replace acety! phosphate 
for the activation of n-butyrate. About 70 uM of lithium propiony! phos- 
phate and 80 uM of sodium butyrate per ml. were incubated with glycine, 
eyanide, and dried cells of Lot Q under the usual conditions. In 3 hours 
27 uo of volatile acid disappeared. An alcoholic extract of the digest was 
chromatographed unidirectionally on paper, with isoamy! alcohol-acetic 
acid as the developing solvent. Propionylglycine and butyrylglycine were 
estimated to be present in a ratio of approximately 3:1 by visual comparison 
of spot sizes. This is the same order of magnitude as the acetylglycine- 
butyrylglycine ratio obtained when acetyl! phosphate was used as the acti- 
vating agent. Therefore acetyl! and propiony! phosphates appear to be 
equally effective in activating butyrate. 

Test for Butyrate Activation by AT P'—The ability to replace acety! phos- 
phate as an activator for butyrate was tested by incubating 20 um of ATP 
and 60 um of butyrate with glycine and cyanide under the usual! conditions. 
After 2 hours incubation the amount of butyrvlglycine was determined by 
the hydroxamic acid method (7). Approximately 0.5 um of butyrylglycine 
was found compared with 5 um formed when acetyl phosphate was supplied 
as the activator. It may be concluded that ATP cannot effectively re- 
place acetyl phosphate for butyrate activation. 

Conversion of Isobutyrate to Isocaproate—A general parallelism exists be- 
tween the ability of a fatty acid to acylate amino acids and to serve as a 
substrate for fatty acid synthesis or oxidation in the C. kluyvert system. 
The only possible exception to this generalization so far noted is isobutyrate, 
which is not oxidized and has not previously been observed to participate 
in synthetic reactions. In order to find whether or not the behavior of 
isobutyrate is really exceptional, the possible conversion of this compound 
to isocaproate was investigated. 

C. kluyveri was grown in a medium similar to that described by Born- 
stein and Barker (3). Ethanol, acetate, and isobutyrate were supplied at 


1 The following abbreviations are used: adenosinetriphosphate, ATID; coenzyme 
A, CoA. 
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levels of 240, 22, and 44 uM per ml., respectively, and yeast extract at a 
concentration of 0.08 per cent. The volatile acids formed in the fermenta- 
tion were recovered by steam distillation and the Ce. acids were separated 
from the lower acids by three successive fractionations according to the 
silica gel column method of Elsden (5). This procedure was shown to sep- 
arate the Cy and C, acids completely. The Cs, acids so obtained were dis- 
solved in carbon disulfide and analyzed for isocaproic acid by measuring the 
optical density at 1217 mu with a Baird infra-red spectrophotometer.’ 
At this wave-length isocaproic acid has an absorption peak that is not found 
with normal caproic acid. Analysis of the absorption data indicated that 
10 to 15 per cent of the total C, acid was isocaproie acid. The iso acid 
eannot have been isobutyriec acid because the latter has a high absorption 
maximum at 1240 my which did not appear in the sample of C, fermenta- 
tion acids. It may be concluded that isocaproate is slowly formed from 
isobutyrate by C. kluyvert. 


DISCUSSION 


Although the formation of N-aey! derivatives of amino acids by dried 
cell preparations of C’. kluyvert in the presence of cyanide is undoubtedly an 
unphysiological process, it is significant because of the information it may 
give concerning the mechanisms of fatty acid activation. Various lines of 
evidence indicate that the stepwise elongation of fatty acid chains involves 
an activation of the substrate molecules (9). In the C. kluyveri system the 
fatty acids that can serve as substrates for chain elongation are acetate, 
propionate, n-butyrate, isobutyrate, and n-valerate. The same fatty acids 
ean form \-acy! derivatives of glycine. The only fatty acid that reacts 
with amino acids, but has not yet been shown to participate in fatty acid 
synthesis, is n-caproic acid. However, this compound reacts very slowly 
with glycine, and the possibility that it may react at a comparable rate 
as a precursor of octanoate has not been excluded. It may be noted that 
octanoate is oxidized slowly by C. kluyvert preparations. The close paral- 
lelism in behavior of fatty acids in the two types of reactions indicates that 
the basic activation mechanisms are probably identical. 

Propionyl phosphate has been shown to react with glycine to form 
propionvlglycine according to the following equation: 


Propiony] phosphate + glycine — propionylglycine + phosphate 


This is analogous to the formation of acetylglycine with acetyl phosphate. 
Since phosphotransacetylase reacts with both of these acyl phosphates, the 


?The authors are indebted to Dr. N. K. Freeman, Donner Laboratory, Univer- 
sity of California, for determining the infra-red spectra. 
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enzyme is probably involved in both acylation reactions. The possibility 
that the acyl phosphates serve simply as high energy phosphate donors to 
the adenylic acid system has been excluded by showing that adenosinetri- 
phosphate is relatively ineffective as an activator. 

Unlike its lower homologues, butyryl phosphate cannot serve as a source 
of activated fatty acid for the acylation of glycine. This may be correlated 
with the inability of butyryl phosphate to react with phosphotransacetylase 
or to function as a substrate for caproate synthesis (13). However, the 
activation of n-butyrate and other C,, Cs, and C¢ fatty acids in this system 
can be achieved by the addition of either acetyl or propiony! phosphate. 
These compounds appear to be equally effective. Again, it has been shown 
that the acyl phosphates do not function in butyrate activation by serving 
as phosphate donors to the adenylic acid system. Therefore the activa- 
tion of butyrate also probably requires the participation of phospho- 
transacetylase. 

In view of the recent evidence that phosphotransacetylase transfers 
acetyl groups from phosphate to coenzyme A (12, 15) and that acetylated 
coenzyme A serves as a substrate for the acetylation of choline, sulfon- 
amides, and oxalacetate by enzymes from animal tissues (16), the accom- 
panying reactions may be postulated to account for the acetylation and 
butyrylation of glycine by the C. kluyveri system. Reaction a is believed 


Acetyl phosphate + 


CoA = pee acetyl CoA tae. acetyviglycine + CoA 
(a) + (b) 

Butyrate 
TL ©) 

Acetate 
+ 

Butyryl CoA butyryvlglycine + CoA 
(d) 


to be catalyzed by phosphotransacetylase, Reactions b and d by an en- 
zyme similar to the animal sulfonamide acetylase (4), and Reaction ¢ by 
an enzyme capable of transferring activated coenzyme A from one fatty 
acid to another. Cyanide is presumably required for Reactions ) and 
d. The scheme is consistent with all available information but requires 
specific confirmation by separation of the component enzymes. 


* The formation of butyryl CoA from acetyl CoA and butyrate has been dem- 
onstrated recently by Dr. E. R. Stadtman, National Heart Institute, Bethesda 
(private communication). 
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SUMMARY 


Dried cell preparations of Clostridium kluyveri catalyze the conversion 
of propiony! phosphate and glycine to propionylglycine in the presence 
of cyanide. The rate of the reaction is the same as that for the acetylation 
of glycine by acetyl phosphate. Adenosinetriphosphate cannot replace 
the acy! phosphates as an activator of these fatty acids. Butyryl phos- 
phate does not react similarly to the lower acyl phosphates. However, 
butyrate can be activated by acetyl or propiony! phosphate for the butyry]- 
ation of glycine. Isobutyrate, n-valerate, and n-caproate can be activated 
inthe same way. The rate of acylation of glycine decreases as the molecu- 
lar weight of the fatty acid increases. In addition to forming an N-acyl- 
glycine derivative, isobutyrate is capable of reacting with a C2 unit to form 
isocaproate under the influence of living cultures of C. kluyvert. Methods 
for identification and separation by silica gel column and paper chroma- 
tography of acetyl-, propionyl-, butyryl-, valeryl-, and caproylglycines 
are described. 


BIBLIOGRAPHY 


1. Abbott, L. D., Jr., J. Biol. Chem., 145, 241 (1942). 

2. Bondi, S., and Eissler, F., Biochem. Z., 23, 499 (1910). 

3. Bornstein, B. T., and Barker, H. A., J. Bact., 55, 223 (1948). 

4. Chou, T. C., Novelli, G. D., Stadtman, E. R., and Lipmann, F., Federation 
Proc., 9, 160 (1950). 

5. Elsden, 8S. R., Biochem. J., 40, 252 (1946). 

6. Gordon, A. H., Martin, A. J. P., and Synge, R. L. M., Biochem. J., 37, 79 (1943). 

7. Katz, J., Lieberman, I., and Barker, H. A., J. Biol. Chem., 200, 417 (1953). 

8. Kennedy, Ik. P., and Barker, H. A., Anal. Chem., 23, 1033 (1951). 

9. Kennedy, I. P., and Barker, H. A., J. Biol. Chem., 191, 419 (1951). 

10. Lehninger, A. L., J. Biol. Chem., 162, 333 (1946). 

ll. Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 153, 571 (1944). 

12. Stadtman, EF. R., J. Biol. Chem., 196, 527 (1952). 

13. Stadtman, I. R., and Barker, H. A., J. Biol. Chem., 184, 769 (1951). 

14. Stadtman, I. R., Katz, J., and Barker, H. A., J. Biol. Chem., 195, 779 (1952). 

15. Stadtman, E. R., Novelli, G. D., and Lipmann, F., J. Biol. Chem., 191, 365 
(1951). 

16. Stern, J. R., Shapiro, B., Stadtman, E. R., and Ochoa, 8., J. Biol. Chem., 193, 
703 (1951). 


ty 
to 
Ce 
1€ 
n 
i- 
)- 


> 


XUM 


STUDIES ON AN UNIDENTIFIED PRODUCT OF ALLOXAN 
METABOLISM IN URINE* 


By RONALD G. PALEY,t DAVID SELIGSON,{ 
F. D. W. LUKENS 


(From the George S. Cox Medical Research Institute, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, June 19, 1952) 


Since the discovery of alloxan diabetes by Dunn and coworkers (1) in 
1943, the possible réle of alloxan in the pathogenesis of diabetes mellitus 
has been extensively discussed (2, 3). Dunn e¢ al. (1) thought that al- 
loxan might play a part in diabetes because uric acid can be oxidized in 
vitro to alloxan. However, Archibald (4) showed that if alloxan existed 
in blood or urine it was present in quantities of less than 20 y per 100 ml. 
Seligson and Seligson (5) have shown that alloxan added to plasma or 
neutral buffers is rapidly converted to alloxanic acid and suggested that 
the relationship of alloxan to diabetes mellitus could be investigated by 
looking for the more stable alloxanie acid rather ‘than the labile alloxan. 
Seligson ef al. (6) also reported that normal and diabetic subjects excreted 
a substance which, like alloxanic acid, yielded oxomalonie (mesoxalic) 
acid after hydrolysis. It is the purpose of this article to substantiate and 
extend the previous report (6). Whether or not these reactions have any- 
thing to do with diabetes, they constitute a possible new pathway in the 
metabolism of purines or pyrimidines. 


Methods 


Preparation of Standard of 2,4-Dinitrophenylhydrazone (DNPH) of Oxo- 
malonic Acid—Hydrolysis of alloxan or alloxanate in hot alkali liberates 
oxomalonic acid. This reaction was used for the preparation of oxomalo- 
nate (5). After heating with alkali, the solution was cooled, acidified with 
HCl, and treated with 2,4-dinitrophenylhydrazine solution (5). This 
formed a heavy yellow precipitate which could be washed, dried in vacuo, 
and stored in a desiccator. <A titration of this material by the method of 
Clift and Cook (7) enabled us to estimate the molecular weight of our 
standard as 302.0, which agrees closely with the calculated molecular 


* Supported in part by a research grant from the Division of Research Grants and 
Fellowships of the National Institutes of Health, United States Public Health Ser- 
vice. 

t Nuffield Foundation Fellow in Medicine. 

t Present address, Walter Reed Army Medical Center, Washington 12, D. C. 
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weight, viz. 298.2, of the DNPH of oxomalonie acid. Other studies op 
this standard are included under ‘‘Results.”’ 

Indirect Estimation of Alloxanic Acid in Urine Based on Its Conversion 
to Oxomalonic Acid—As noted above, oxomalonate forms a 2,4-dinitro- 
phenylhydrazone (DNPH). This is readily isolated on a paper chromato- 
gram, from which it can be eluted and measured colorimetrically (5). In 
applying these procedures to urine, difficulties were encountered which 
suggested that one or more substances in urine interfered with the recovery 
of oxomalonate. Preliminary treatment of the urine with ferric chloride 
protects much of the oxomalonate. This permits the hydrolysis of a pre- 
cipitate obtained from urine and the determination of the oxomalonate so 
formed, a procedure which provides a semiquantitative method for the 
indirect estimation of alloxanic acid in urine. 

Procedure—0.5 ml. of filtered urine was placed in a large test-tube. 
15 ml. of absolute methanol were added and mixed by shaking, and 12 
drops of ferric chloride solution (12.5 gm. of FeCl3-6H2O to 25 ml. of water) 
were added. The tube was placed in cold water and 15 drops of 18 x 
NaOH were introduced. The tube was inverted three times and allowed 
to stand for 10 minutes, after which it was centrifuged for 15 minutes 
(1500 r.p.m.). The supernatant fluid was discarded and the tube inverted 
and drained for 5 to 10 minutes. The precipitate was suspended in 1 ml. 
of 1 N NaOH and was hydrolyzed in a sealed glass tube at 120° for 6 
minutes. 

After cooling, 1.5 ml. of 6 N HCI were added carefully to the muddy mix- 
ture and the tube was shaken until the precipitate dissolved. Then, 1.5 
ml. of a solution containing 3 mg. of 2,4-dinitrophenylhydrazine per ml. 
of 6 N HCl were added. The mixture was shaken and allowed to stand 
at room temperature for 1 hour. . This reaction mixture was extracted 
four times for 2 minutes each with 10 ml. of chloroform containing 10 per 
cent ethanol. The ethanol-chloroform fraction was transferred to a sepa- 
ratory funnel containing 14 ml. of 1 N NasCQO; and shaken for 2 minutes. 
The chloroform layer was discarded. The alkaline solution containing the 
DNPH of the keto acids was acidified with 8 ml. of 6 N HCl and then 
extracted once with 20 ml. and three times with 10 ml. of the ethanol- 
chloroform solvent. The extracts were pooled and evaporated to dryness 
under an air current. 

The dry residue was dissolved in acetone and applied in a streak across a 
strip of Whatman No. 1 paper measuring 5.5 X 40 cm. The chromato- 
gram was developed for 15 hours in n-amyl alcohol, treated with formic 
acid (50 ml. of n-amyl alcohol, 10 ml. of 90 per cent formic acid, and 40 
ml. of water). The paper was air-dried and the band of the DNPH of 
oxomalonic acid was identified by comparison with a spot chromatogram 
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of the DNPH of standard oxomalonate solution and marked under ultra- 
violet light. The marked area was cut out and sliced into small pieces 
which were put in a flask with 10 ml. of 1 N NaOH and agitated for 10 
minutes for complete elution. The solution was filtered into a photometer 
tube through a cotton pledget to remove the paper fragments and the 
color read in an Evelyn photoelectric photometer, filter No. 455, with 
1x NaOH as a blank. Calibration with pure sodium oxomalonate pro- 
vided standard curves which followed Beer’s and Lambert’s laws. The 
color faded slowly on standing, but readings made promptly and at times 
similar to those of the standard provided sufficient accuracy. 
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Fic. 1. Oxomalonic acid recovered after various periods of hydrolysis from urine 
(dash line) and from uric acid in 1 N NaOH (solid line). The concentration of the 
uric acid solution equaled that of the uric acid in the urine. Note that at the 6 
minute period (vertical line) used in our studies uric acid contributed a negligible 
amount of the oxomalonie acid found in urine. 


The above method was applied to untreated urine and to samples of the 
same urine to which sodium alloxanate had been added. The final values 
were calculated from a nomogram prepared from standard solutions of 
sodium alloxanate which had been measured as the DNPH of oxomalonic 
acid. In thirteen experiments the mean recovery of added alloxanate 
from urine was 46 per cent, with a range of 22 to 83 per cent. 

The complete procedure of precipitation by ferric chloride and alkaline 
hydrolysis was employed to study the recovery from urine of added sodium 
oxomalonate. In five experiments this ranged from 16 to 21 per cent. 
The poor recovery of oxomalonate, which was even less than that derived 
from alloxanate, means that the instability or loss of oxomalonate under 
these conditions may be the reason for the poor and irregular determination 
of alloxanate. The discrepancy between the recovery of alloxanate and 
oxomalonate is in part due to the fact that hydrolysis of solutions of so- 
dium alloxanate, in contrast to the hydrolysis of the complex of materials 
In urine (Fig. 1), yielded increasing amounts of oxomalonate up to 6 min- 
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utes, but thereafter there was a steady decrease in yield. Likewise, hy- 
drolysis of sodium oxomalonate caused a slight degradation of that mole. 
cule up to 6 minutes and thereafter an increasing and marked breakdown 
occurred. Although duplicate analyses agreed within 10 per cent, the 
erratic response to hydrolysis may well account for the much greater vari- 
ation of this method from experiment to experiment. Oxomalonate was 
not detected in normal urine before hydrolysis, although 0.003 mg. could be 
detected by the colorimetric method when applied to standard solutions 
of oxomalonate. 

Specificity of \fethod—The following substances were tested in pure so- 
lution: a-ketoglutaric acid, parabanic acid, allantoin, sodium pyruvate, 
oxalacetic acid, ascorbic acid, dehydroascorbie acid, barium diketogulo- 
nate, maleic acid, citric acid, sodium oxalate, sodium malonate, adenine, 
adenylic acid, guanine, xanthine, hypoxanthine, thymine, and uracil. Each 
was heated with 1 N NaOH for 6 minutes at 120°, a DNPH was formed 
when possible, and the chromatogram run in the usual way. No hydra- 
zone Which was obtained had an FR, similar to that of oxomalonic acid. 

In contrast to the above substances, which do not yield oxomalonic 
acid with 1 N NaOH, there are five, in addition to alloxan and alloxaniec 
acid, which do yield oxomalonic acid. Since dialuric acid is easily autoxi- 
dized to alloxan, it is not surprising that it gives as much oxomalonic 
acid as alloxan. Barbituric acid and its 5-amino derivative, uramil, also 
yield oxomalonic acid on alkaline hydrolysis for 6 minutes. The amounts 
yielded have not been determined quantitatively. We are unaware of any 
information on the occurrence of these compounds in normal urine. = Cyfo- 
sine is also hydrolyzed to oxomalonate in an amount not vet determined. 
Finally, uric acid yields minute amounts of oxomalonate under the condi- 
tions of hydrolysis employed. Since uric acid is a constituent of urine, It 
has been particularly studied and will be discussed in connection with the 
results. 


Results 


Evidence That Uric Acid Is not Significant Source of Urinary Oxomalonic 
Acid—Small amounts of oxomalonate were formed from uric acid by hy- 
drolysis with 1 N NaOH. By altering the time of hydrolysis the yield of 
oxomalonate was influenced, as Fig. 1 shows. It can be seen that at the 
6 minute period employed in our physiological experiments uric acid con- 
tributed practically nothing to the oxomalonic acid obtained. These 
findings were extended by observing the effect of adding uric acid to urine. 
When the uric acid of each of five samples of urine (8) was doubled, the 
average yield of oxomalonate instead of being doubled was only increased 
by 0.7 per cent of the amount present in untreated urine. It thus appears 
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that there must be some other precursor of the oxomalonate found. Physi- 
ological evidence in support of this has also been obtained. 

Urinary Excretion of Material Forming Oxomalonate—The urine of man, 
eat, or rat yields oxomalonate on alkaline hydrolysis. The content of 
oxomalonate in the urine of five diabetic patients of various types (aver- 
age 414 um per day) did not differ significantly from that of normal sub- 
jects (217 um per day) because of the large daily variation in the amount 


TABLE I 


Relation of Urinary Uric Acid and Oxomalonate before and after 
Administration of Alloxan 


Urinary 
| 
No. of animals and procedure Urie ac 4, | —_ : recovered as, 
average 
per | per day 
uM | uM per cent 
Group A. Effect of al- 12 rats 8.9 | 1.6 | 
loxan or alloxanate 12 “ Ist day after 211) 3.0 | 11.5 | 5 
uM alloxan | | 
3 catst 66.0 | 7.4 | 
“ Ist day after 704 73.8 171.2 23 
uM sodium alloxanate | | 
Group B. Effect of uric 5 rats at. SS 
acid 5 “ Ist day after 95 4.6 0.6 
uM uric acid | | 
2 cats 82.2 | 15.1 | 
2 “ Ist day after 704 109.5 16.0 — 


uM uric acid | | 
* Calculated as follows for rats of Group A: ((11.5 — 1.6) X 100)/211 = 4.7 (ap- 
proximately 5). 
t Fourteen daily determinations on three cats. 
t Six daily determinations on three cats. 


of oxomalonate per subject. This daily variation in the amount of oxo- 
malonate is best illustrated by the studies of normal cats, all of which were 
on the same constant diet. In sixteen determinations from five animals 
the range was 1.7 to 20.7 um of oxomalonic acid per day. In view of the 
3- to 4-fold error of the method, the question whether this is due to a physi- 
ological variation or to the error of the method remains unanswered. 
Influence of Alloxan and Uric Acid on Oxomalonate Obtained from Urine 
—Table I shows that in both rats and cats the administration of alloxan 
or alloxanate causes no appreciable increase in urinary uric acid. Never- 
theless, after hydrolysis the yield of oxomalonate is increased 10- to 20-fold 
(P < 0.01). Finally, when uric acid was administered to rats and cats, 
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the slightly increased excretion of uric acid was not accompanied by any 
significant increase in the oxomalonate. 

Effect of Dehydroascorbic Acid on Urinary Oxomalonate—Since dehydro- 
ascorbic acid is diabetogenic (9) and might possibly form oxomalonate, its 
effect on urinary oxomalonate was examined. In five control rats the 
average urinary oxomalonate was 1.8 um per day. After the intraperi- 
toneal administration of 288 um (50 mg.) of dehydroascorbic acid per rat 
to the same animals, the average amount of oxomalonate obtained was 
4.3 um in the first 24 hours, an increase which is not considered to be 
significant. At this dosage, three of these five rats became temporarily 
diabetic. 

Confirmatory Evidence That Substance Obtained from Urine Is Oxoma- 
lonic Acid—24 hour samples of urine were obtained from normal humans 
and from cats after the intraperitoneal administration of sodium alloxa- 
nate. After filtration, methyl alcohol, ferric chloride, and 18 n NaOH 


TaBLeE II 
Analytical Data on 2,4-Dinitrophenylhydrazone of Oxomalonic Acid 
Oxomalonic acid DNPH from : M.p. oe cn Infra-red spectra 
Alloxan (standard)........... 203-206 | 18.29 Identical for 3 
| 204-205 | preparations (see 
Urine of cat given alloxan... . 203-206 | 18.18 text) 
| 


were added in the proportions used in our analytical method. These 
additions were carried out slowly in an ice bath. The precipitate was hy- 
drolyzed for 6 minutes at 120° and then rapidly cooled in ice. The DNPH 
was then prepared and after 1 hour was extracted with chloroform-ethanol 
mixture and the extract evaporated to dryness. Further separation was 
accomplished by means of a paper chromatopile, modified from that de- 
scribed by Mitchell and Haskins (10), which was run for 36 hours. Very 
clear separation was obtained and only slight ‘coning’’ was observed. 
This did not interfere with the separation of the DNPH of oxomalonic 
acid, which moves very slowly in this system. The yellow band of papers 
at the predetermined level was removed and dried at room temperature. 
When dry, the disks were eluted with 1 Nn NaOH and then acidified with 
6 x HCl. The oxomalonic DNPH was extracted with 20 per cent ethyl 
alcohol and chloroform and evaporated to dryness. The final product was 
dissolved in a small amount of water from which crystals were obtained 
by acidification with 2 N HCI (7). Four recrystallizations were performed 
before subjecting the compound to the analyses summarized in Table II. 
Samples of oxomalonice DNPH prepared from alloxan (standard), normal 


R. G. PALEY, D. SELIGSON, AND F. D. W. LUKENS 449 


human urine, and the urine of cats treated with alloxan were examined by 
infra-red spectrography by Dr. H. P. Schwarz of the Philadelphia General 
Hospital. The readings were taken from films prepared from a solution 
of the compounds in ethyl acetate which were deposited on a silver chlo- 
ride plate. The location of the absorption bands and the ratios of the 
strengths of the bands were similar for all three preparations, which were 
therefore thought to be identical. The spectrographic identification of the 
standard and of the material obtained from alloxan-injected cats was made 
by Dr. Joseph McLaughlin, Jr., of the Walter Reed Army Medical Center, 
Washington, D. C. 

DISCUSSION 


In this study, although the method applied to urine has been far from 
quantitative, it has sufficed to show that a precursor, or precursors, of 
oxomalonic acid occur in normal urine. These or similar precursors are 
significantly increased in animals after the administration of alloxan. 
Seven substances have been found to yield oxomalonate on alkaline hy- 
drolysis: alloxan, alloxanic acid or its salts, dialuriec acid, uric acid, barbi- 
turic acid, cytosine, and uramil (5-aminobarbituric acid). As a source of 
oxomalonate, uric acid has been excluded by the conditions employed. 
Alloxan, barbituric acid, and uramil do not occur in normal urine as far as 
we are aware (4, 11, 12). Since dialuric acid is probably in unstable equi- 
librium with alloxan (4), alloxanic acid (or some conjugate thereof) ap- 
pears to be the most probable precursor of the oxomalonate observed, 
although other as yet undetermined sources of oxomalonic acid may well 
have to be added to the picture. 

Since this work was begun, we have been informed of the studies on the 
metabolism of alloxan by Lee and Stetten (11), who have kindly allowed 
us to see their manuscript. From their results, which were obtained by 
the administration to rats of alloxan labeled with C™“ or N’* in the 1, 2, 
or 3 position, the following findings are particularly relevant to our obser- 
vations. (a) 45 per cent of administered isotope was recovered in the urine 
in the first 24 hours. (b) In3 days 62 per cent or more was recovered from 
urine, but of this only 1.3 per cent appeared as urea and 0.3 per cent as 
ammonia. (c) However, after alkaline hydrolysis, most of the isotope was 
recovered as urea. (d) There was no demonstrable generation of alloxan 
from isotopic uric acid in the rat. 

Our results, obtained by measuring the oxomalonic component of the 
alloxan molecule obtained by alkaline hydrolysis, agree in principle with 
those of Lee and Stetten (11). (a) In the experiments shown in Table I, 
3) to 23 per cent of administered alloxan was recovered as oxomalonate. 
The difference may be attributed to our less accurate method. (b) The 
absence of oxomalonate before hydrolysis and (c) its occurrence in large 
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amount after hydrolysis in animals treated with alloxan are in harmony 
with the observations of Lee and Stetten onureaformation. (d) Our chemi- 
cal and physiological studies on uric acid confirm their conclusion that it 
does not contribute to the formation of the unidentified excretion product 
of alloxan. The precursor of oxomalonic acid, like that of the urea de- 
scribed by Lee and Stetten, remains unknown. 

Finally, our method has shown that a substance which behaves like the 
excretion product of alloxan is present in the urine of normal man and ani- 
mals. Its nature and its significance in normal metabolism are unknown. 


SUMMARY 


The method previously described (5) of studying alloxan and alloxanic 
acid by alkaline hydrolysis to form oxomalonic (mesoxalic) acid, which in 
turn was separated by chromatography and measured colorimetrically, has 
been applied to urine. Although this procedure is only semiquantitative, 
the following facts have been observed. 

1. Normal urine contains no oxomalonic acid before hydrolysis. 

2. After hydrolysis, significant amounts of oxomalonate can be obtained 
from the urine of normal man and animals. 

3. The method does not demonstrate any significant difference in the 
yield of oxomalonate between normal and diabetic subjects. 

4. Following the administration of alloxan or sodium alloxanate to ani- 
mals, the yield of urinary oxomalonate is increased 20- to 30-fold. 

5. Uric acid was not a source of urinary oxomalonate under the condi- 
tions of these experiments. 

6. The nature of the precursor (or precursors) of urinary oxomalonate, 
obtained by alkaline hydrolysis, in humans and in normal or alloxan-treated 
animals is unknown. 
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PARTITION AMONG RAT LIVER CYTOSTRUCTURES* 
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(From the Department of Medicine, University of Washington School of Medicine, 
Seattle, Washington) 


(Received for publication, June 16, 1952) 


Within recent years, much attention has been focused on the particulate 
elements of protoplasm as centers of integrated metabolic activity. Asa 
result of this, a large amount of information on the chemical and enzymatic 
composition of these elements has been accumulated (1, 2). These data 
are not only concerned with normal animals but with those showing the 
metabolic alteration that occurs in such conditions as protein depletion 
(3), cancer and its chemoinduction (4, 5), and partial hepatectomy (6). 
These experiments showed that the imposition of a metabolic load was 
associated with changes in the distribution of chemical and enzymatic 
properties among the various protoplasmic components. 

The experiments reported in this paper are concerned with the synthesis 
of the protein moieties of the nuclear, mitochondrial, microsomal, and 
residual fractions of rat liver. The incorporation of S**-labeled cystine into 
the protein of these fractions was measured as an index of protein synthetic 
activity. The effect of dietary carcinogenic, hormonal, and regenerative 
factors on this synthetic activity was studied in order to investigate the 
means by which the nature of the protein synthetic activities of the liver 
was specified by metabolic requirements. 


Methods 


Sprague-Dawley rats, weighing approximately 200 gm., were used in all 
experiments and were divided into the following groups: (1) normal series; 
(2) diet series ((a) low protein for 7 days, (b) low protein for 28 days, (c) 
high protein for 7 days, (d) high protein for 28 days); (3) carcinogenesis 
series ((a) 8 weeks, (b) 16 weeks, and (c) 24 weeks); (4) growth hormone 
series; (5) regeneration series. 

In all cases the animals were allowed to consume the prescribed diets 
ad libitum. The normal series was fed a stock animal farm diet, containing 
about 27 per cent mixed protein. The low and high protein diets contained 
0 and 81 per cent casein, respectively (7). The carcinogenesis series was — 

*This work was supported by the Atomic Energy Commission, contract No. 


AT(45-1)-247. Presented in part at the annual meeting of the Federation of Ameri- 
can Societies for Experimental Biology, Cleveland, Ohio, April 29-May 3, 1951. 
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fed a specified low riboflavin diet containing 0.06 per cent p-dimethylamino- 
azobenzene! (8). The growth hormone series was fed the stock diet and 
the hormone was administered intraperitoneally in 0.5 mg. doses twice daily 
for 7 days.2. The regeneration series was fed stock diet. 3 days prior to 
use, approximately 58 per cent of the liver was removed. 

8 hours before the rats were sacrificed they were injected intraperitone- 
ally with S*-labeled pi-cystine (2.43 10° c.p.m.).3 Immediately after 
death the livers were separated by differential centrifugation (9) into nu- 
clear, mitochondrial, microsomal, and residual fractions. The nuclear frae- 
tion was further concentrated by the citric acid method (10), resulting in 
an enriched but still impure preparation. The protein of whole liver and 
of the above fractions was precipitated with trichloroacetic acid, washed, 
reduced with 6-mercaptoethanol, and the sulfur converted to sulfate by 
wet oxidation. 

The sulfate was then precipitated as the benzidine derivative; the S* of 
this preparation was assayed with an end window Geiger-Miiller tube and 
the total sulfate determined by titration. The results are expressed either 
as specific activity (counts per minute per micromole of sulfur) or as the 
participation index (ratio of fraction protein specific activity to whole 
protein specific activity). A detailed discussion of analytical methods as 
well as the expression of data has been published (11). 


Results 


Effect of Low Protein Diet—At the beginning of the experiment the 
animals weighed approximately 200 gm. Within a week, 13 per cent of 
the body weight had been lost and within 4 weeks, over 20 per cent. In- 
spection of Table I shows that this regimen resulted in an increased incor- 
poration of cystine into protein, but, with respect to normals, the increment 
at 4 weeks was less than that at 1 week, 200 per cent as compared to 420 
per cent. The cause of the change is conjectural, but that it was associated 
with alterations in the pattern of cystine-S*® distribution is incontrovert- 
ible. Inspection of Fig. 1 shows that the 7 day series was associated with a 
relative suppression of cystine incorporation into nuclear, mitochondrial, 
and residual elements, whereas the picture for 28 days closely resembled 
that of the normal series. Consequently, it appears that the rat becomes 
adjusted to acute protein deprivation by a relative increase in incorporation 
of cystine-S* into the microsome population of the liver. 

Effect of High Protein Diet—In contrast to the previous series, these 


1 p-Dimethylaminoazobenzene = DAB. 

2 The purified growth hormone was generously donated by Dr. C. H. Li, Univer- 
sity of California, Berkeley. 

3 The S*-labeled pi-cystine was synthesized by Dr. H. Tarver, University of 
California, Berkeley. 
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animals showed no weight change during the Ist week and a gain of 8.2 
per cent over 28 days. Again, a difference in the level of liver protein 
labeling was noted as a result of prolonged high protein feeding. 7 days 
on the diet resulted in a decrement of 28 per cent, whereas 28 days resulted 
in an increment of 17 per cent (Table I). These changes were also asso- 
ciated with changes in the partition of cystine-S*. Fig. 1 reveals that the 


A— nuclear fraction 
8 — mitochondrial fraction 
C— microsomal fraction 
1.5- D—residual fraction 


Normal Low High Protein 
7 Days 28 Days 7 Days 28 Days 


Fig. 1. The effect of dietary protein on the distribution of cystine-S** in rat 
liver. 


7 day series responded to a protein load by a relative increase of the radio- 
active amino acid into mitochondrial protein and a relative suppression 
with respect to microsomal and residual protein. On the other hand, at 
28 days the animals had undergone further adjustment, as revealed by 
further changes in cystine partition for the mitochondrial, microsomal, and 
residual elements. 

Effect of DAB—The animals in this series gained weight throughout the 
entire experimental period of 24 weeks, and histological examination of the 
livers showed typical DAB carcinogenesis (12). Gross neoplasms had not 
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developed at 24 weeks; consequently these livers were regarded as preneo- 
plastic. 

Inspection of Table II shows that there was an increase in incorporation 
of cystine-S* into liver protein, which reached a maximum at 16 weeks 


TaBLe 
Effect of Dietary Protein on Distribution of Cystine-S** in Rat Liver 


Protein specific activity, c.p.m. per um S 


| 


| 

| 

| | Low protein | High protein 

Normal —— -- 

| | 7 days 28 days 7 days 28 days 
Whole liver protein1.18 + 0.0416.16 + 0.21/3.52 + 0.290.85 + 0.10/1.38 + 0.09 
Nuclear 1.29 + 0.133.90 + 0.833.78 + 0.360.89 + 0.16/1.30 + 0.25 
Mitochondrial 1.08 + 0.053.78 + 0.353.32 + 0.271.54 + 0.69/1.34 + 0.24 
Microsomal 1.53 + 0.046.50 + 0.394.44 + 0.290.71 + 0.14/1.94 4 0.18 
Residual ° 1.14 + 0.08 4 41 + 0.943.18 + 0.310.35 + 0.0210.98 + 0.05 


Each value is the mean + the standard error of individual determinations on six 
to eight animals. 


TABLE II 
Effect of DAB on Distribution of Cystine-S** in Rat Liver 
Protein specific activity, c.p.m. per um S 
DAB 
Normal 

8 wks. | 16 wks. 24 wks 

| 
Whole liver protein....; 1.18 + 0.04 1.89 + 0.19 4.24 + 0.25 | 2.39 + 0.18 
1.29 + 0.13 1.75 + 0.20 1.85 + 0.53 | 2.89 + 0.15 
Mitochondrial......... 1.08 + 0.05 1.744 0.37 4.07 + 0.32 | 2.72 + 0.61 
Microsomal............ 1.53 + 0.04. 1.81 + 0.13 | 4.69 + 0.30 3.28 + 0.18 
1.14+ 0.08 1.82 + 0.13 2.68 + 0.13 2.77 + 0.20 


Each value is the mean + the standard error of individual determinations on six 
to eight animals. 


(360 per cent) and fell off at 24 weeks (200 per cent). These changes were 
associated with alterations in the partition with respect to the cytostruc- 
tural elements (Fig. 2). At 8 weeks all fractions closely approximated one 
another, whereas at 16 weeks incorporation into the nuclear and residual 
fractions was suppressed as compared with the mitochondrial and micro- 
somal fractions. The data for the 24 week series are somewhat confusing, 
owing to their variability; it is probable from examination of the values 
and standard errors of Table II that the nuclear fraction was inordinately 
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contaminated with mitochondria. Nevertheless, it can be said that by 
this time a third reorientation had occurred. 


A-—nuclear fraction 

1.5- B—mitochondrial fraction 
C —microsomal fraction 
D —residual fraction 


ih 
{! 
0.5- 
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Normal DAB >| 
8 weeks 16 weeks 24 weeks 


Fic. 2. The effect of DAB on the distribution of cystine-S* in rat liver 


TaBLe III 
Effect of Exogenous Growth Hormone on Distribution of Cystine-S** in Rat Liver 


| Protein specific activity, c.p.m. per um S 


Normal Growth hormone 
Whole liver protein..................... 1.18 + 0.04 1.08 + 0.02 
1.29 + 0.13 1.53 + 0.08 
1.14 + 0.08 1.12 + 0.05 


Each value is the mean + the standard error of individual determinations on six 
to eight animals. 


Effect of Exogenous Growth Hormone—The animals in this group received 
0.5 mg. of purified growth hormone intraperitoneally twice daily for 7 days. 
The increment in body weight was 17.7 per cent and there was a dispro- 
portionate increase in liver weight, about 21.3 per cent greater than the 


2 


456 CYSTINE-S**® PARTITION IN LIVER 


normal value. These results are in good agreement with those reported 
by Li and Evans (13). 

A-nuclear fraction 

B— mitochondrial fraction 


C—microsomal fraction 
1.5- D—residual fraction 
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Normal Growth Hormone _ Regeneration 
Fic. 3. The effects of exogenous growth hormone and of regeneration after par- 
tial hepatectomy on the distribution of cystine-S* in rat liver. 


TaBLe IV 


Effect of Regeneration after Partial Hepatectomy on Distribution of Cystine-S® 
in Rat Liver 


Protein specific activity, c.p.m. per um S 


Normal | Regeneration 
HE a a | 1.08 + 0.05 | 2.53 + 0.20 
1.53 + 0.04 | 3.12 + 0.13 
1.14 + 0.08 | 2.34 + 0.19 


Each value is the mean + the standard error of individual determinations on 
five to twelve animals. 


The capacity of the liver to incorporate the labeled cystine into protein 
appeared to be unchanged (Table III). However, inspection of Fig. 3 
shows that incorporation into the nuclear and mitochondrial fractions had 
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been significantly changed. These values were approximately 23 per cent 
greater than those of the normal series. 

Effect of Regeneration after Partial Hepatectomy—In this series, 58 per 
cent of the liver was removed in a one-stage operation. On the 4th post- 
operative day the animals were injected with cystine-S*. This interval 
was chosen because it corresponded to the point of the maximum rate of 
liver growth (14). Upon sacrifice the animals were found to have regen- 
erated approximately 68 per cent of the liver tissue removed. 

Inspection of Table IV shows that cystine incorporation into the liver 
protein of the partially hepatectomized animals was more than twice that 
of the normals. These changes were associated with a slight relative in- 
crease Of incorporation into mitochondrial protein and a definite relative 
suppression with respect to nuclear protein (Fig. 3). Furthermore, the 
effects of regeneration are seen to be largely cytoplasmic, particularly in 
view of the large standard error in the data for nuclear protein. This 
cytoplasmic effect accounts for the apparent suppression of incorporation 
of the labeled amino acid into nuclear protein. 


DISCUSSION 


In the experiments reported above the presence of S** in protein is taken 
as evidence for the synthesis of protein molecules containing cystine. Un- 
der these experimental conditions, the specific activity of the amino acid 
supply at the site of synthesis into protein will be determined by a variety 
of metabolic processes. Consequently, differences in the magnitude of 
protein labeling will be related to numerous factors, only some of which 
are directly related to protein synthesis. Jt is in view of this picture that no 
significance can be directly attached to differences in the levels of labeling per se. 

On the other hand, relating the values for the protein specific activity of 
the subcellular components to the level of whole liver protein specific 
activity, the “participation index,” does permit interpretation free from 
the above criticism. This eliminates from consideration the fate of the 
tissue amino acid pool, regardless of the metabolic state of the animal, and 
is concerned only with the partition of the labeled amino acid among the 
subcellular elements. This formulation can be criticized only if there is a 
multiplicity of discrete cystine pools within the cell, a condition difficult to 
visualize in view of the known rapidity of amino acid metabolism. There- 
fore, the participation index will be directly proportional to the extent to 
which the particular constituent is involved in liver protein labeling and, 
consequently, in liver protein synthesis. 

The participation indices for the subcellular components of normal rat 
liver show labeling to be the summation of measurements of a heterogene- 
ous system; the partition of cystine-S** ranged from 91.5 per cent (mito- 
chondria) of the whole protein value to 130 per cent (microsomes). Heter- 
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ogeneity with respect to this parameter has been reported previously (1], 
15-17). In view of the known lability of the liver (18, 19) we were inter. 
ested in determining whether these relationships were constant or variable. 
whether the partition of cystine-S** was always the same regardless of 
metabolic alteration. 

Our data show this pattern of heterogeneity to have wide ranges of 
variation as a function of metabolic alteration. Whether the particular 
set of participation indices found for each altered state is specifically char- 
acteristic is impossible to say, since the possibilities of metabolic alteration 
are large. However, with these indices as a measure of liver protein syn- 
thetic activity, it can be stated that the type of heterogeneity originally 
observed is characteristic only of the “normal” animal and that metaboiic 
disturbance is accompanied by a new orientation in liver protein synthetic 
activity, which is, in turn, manifested by new patterns of heterogeneity. 

This view is supported by numerous reports concerning the relation 
between metabolic constraint and the enzymatic and chemical nature of 
tissue (3-6, 20-23). Our observations achieve their significance only when 
viewed in relation to the more general phenomenon of turnover of tissue 
protein. The ultimate functional and evolutionary significance of the con- 
stant and rapid protein turnover of biological systems is, at present, a 
subject for pure speculation. This property may be regarded as a flexible 
mechanism enabling adaptive processes to occur rapidly in response to 
metabolic demands. Thus, when metabolic constraints are encountered, 
changes in functional capacities can rapidly occur which enable the bio- 
logical system to maintain its integrity and survive. If this is the case, 
then changes in the pattern of tissue protein synthesis should also accom- 
pany metabolic alteration. Our observations support this concept, inas- 
much as they show a picture of heterogeneity with regard to cystine 
incorporation into liver protein. Such heterogeneity is variable and this 
variability is related to metabolic alteration. Knox (20), in a recent paper 
concerned with the formation of tryptophan peroxidase in rat liver, has 
shown that true adaptive changes in enzyme concentration can occur and 
with surprising rapidity. 


SUMMARY 


The effect of various metabolic alterations on the incorporation of an 
amino acid into rat liver cytostructures was studied with the aid of >°- 
labeled pi-cystine. These alterations included protein depletion and sur- 
feit, chemical carcinogenesis, stimulation by growth hormone, and regenera- 
tion following partial hepatectomy. 

The pattern of cystine-S® incorporation into the protein moieties of the 
nuclear, mitochondrial, microsomal, and residual portions of rat liver was 
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found to depend on the metabolic condition of the animal, and this relation 
appeared to have a high order of specificity. 


The significance of these observations is discussed in relation to the 


phenomenon of rapid protein turnover as a necessary condition for enzy- 
matic adaptation. 
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EVIDENCE OF INTERMEDIATE COMPOUNDS IN SERUM 
ALBUMIN SYNTHESIS* 
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(Received for publication, July 23, 1952) 


The processes which convert amino acids into proteins have been studied 
mainly from the aspect of intracellular location, energy and substrate re- 
quirements, or action of inhibitors. The great bulk of these data probably 
concerns the initial combination of the amino acids, the step termed ‘‘pep- 
tidization”’ by Lipmann (1), and tells us little about subsequent reactions 
or possible intermediate compounds. 

It has been proposed (Borsook (2), Janssen (3), Langmuir and Schaefer 
(4), Northrop (5)) that the intermediates may be peptides, templates, 
protein films, or non-specific proteinogens termed “urproteins’’ by Nor- 
throp. Borsook ef al. (6) have studied the composition of several large 
peptides in tissues which may represent stages in the formation of proteins. 
Steinberg and Anfinsen (7, 8) have presented data on non-uniform labeling 
of different residues of the same amino acid in ovalbumin which favor the 
concept of peptide intermediates. 

Tracer studies of serum albumin formation are presented here, which 
indicate that the amino acids are in intermediate compounds for about 20 
minutes before forming the final protein. These intermediates are found 
not to resemble serum albumin in either serological, electrophoretic, or 
solubility behavior, but are apparently converted into albumin by a process 
which causes all three of these properties to appear simultaneously. 


EXPERIMENTAL 


Incorporation of C“O, and labeled alanine into serum albumin has been 
shown to proceed in chicken liver slices incubated in a bicarbonate medium 
(9). Subsequently a net increase was demonstrated in the amount of 
serum albumin present during incubation, by a quantitative immunological 
determination of the albumin (10). 


* Supported in part by a grant-in-aid from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council. 
C" was allocated by the Atomic Energy Commission. 

t At present on leave of absence with the United States Navy. Opinions or 
assertions contained herein are those of the author and are not to be construed as 
official or reflecting the views of the Navy Department or the naval service at large. 
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Demonstration of Lag in CO, Incorporation 


It was suggested in the former paper that there is a delay in the incor. 
poration of carbon dioxide into the serum albumin found in the medium. 
More complete studies have now been made of the time relationships of the 
C4, incorporation into the total serum albumin, the C™QO, incorporation 
into the total liver slice protein, and of the quantity of serum albumin 
present. 

Conventional Isotope Experiments—Chicken liver slices were washed for 
1 hour in bicarbonate medium (10) to lower the content of preformed 
albumin and then divided among several flasks containing CO, in the gas 
and buffer phases. At intervals during incubation at 38° flasks were re- 
moved, and determinations were made of the specific activity of the inor- 
ganic carbon dioxide and of the carbon dioxide released by ninhydrin 
treatment of samples of washed, defatted, hydrolyzed slice proteins (pre- 
cipitated by 1 per cent picric acid). The combined slices and medium 
were analyzed for serum albumin as previously described (10). Larger 
aliquots were added to 1 cc. portions of an antiserum prepared against a 
highly purified sample of chicken serum albumin, and tests were made to 
insure antibody excess. The precipitates were washed twice with saline 
and hydrolyzed. The total radioactivity released by ninhydrin was deter- 
mined on these hydrolysates (9). 

Fig. 1 shows the type of relationship which was found in three experi- 
ments. Both the production of new serum albumin and the incorporation 
of carbon dioxide into the aspartic and glutamic acids of the liver proteins 
begin within 5 minutes of the start of incubation, while labeled carbon does 
not appear in the serum albumin for 15 to 20 minutes. Approximately 
the same delay was observed with glycine-1-C"™ as substrate, as shown later 
in this article (Fig. 4, c). | 

The delay in incorporation into albumin suggests that the small molecules 
are first incorporated into some “‘precursor”’ material, which then acquires 
the antigenic properties of serum albumin. 

The in vivo work of Borsook et al. (11) likewise describes a delay in 
appearance of labeled amino acids in serum proteins which is not observed 
with visceral proteins. 

‘Reverse’ Isotope Experiments—More direct information was obtained 
from “‘reverse’”’ isotope experiments, in which the slices were washed for 
1 hour in flasks containing CO, and then transferred, after vigorous rinsing 
for 5 minutes, to flasks containing non-radioactive medium. The flasks 
were flushed at 15 to 30 minute intervals with 5 per cent CO,-95 per cent 
O, to remove traces of radioactive carbon-dioxide which might accumulate. 
Slices and medium were analyzed as described above. 

It is seen in Fig. 2 that the labeled slices continue to form radioactive 
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serum albumin, although the total radioactivity of the liver slice protein 
does not rise. A similar effect was observed when labeled alanine was 
used as the substrate. Loss of radioactivity by the liver protein is not 
appreciable, since only a small fraction of the carbon atoms is replaced per 
hour. The carbon atoms of the newly formed serum albumin must arise 
from compounds which are contained in the slice and which are not readily 
removed by washing. 


Appearance of Serum Albumin Properties 


The possibility was considered that the ‘‘precursor”’ material represents 
a molecule with some of the physical properties of serum albumin, but 
which has not yet acquired the antigenic specificity upon which the above 
determinations were based. ‘To test this possibility, incubations were con- 
ducted with increased substrate radioactivity. After the incorporation 
into serum albumin was determined with antiserum, a large known amount 
of carrier serum albumin was added, and the specific radioactivity in the 
resulting albumin determined on samples separated both by electrophoresis 
and by a series of alcohol and ammonium sulfate fractionation steps. 

Incubation—5 gm. portions of wet chicken liver slices were incubated for 
15, 30, or 60 minutes with 15 ec. of medium (Na 135, Ca 15, K 10, Cl 120, 
HCO; 40 m.eq. per liter, pH 7.5), which had previously been equilibrated 
with 5 per cent CO.-95 per cent Oo. NaHCO; was included in preparing 
the medium in the C“Q, experiments. Glycine containing varying propor- 
tions of glycine-1-C™ (Tracerlab) was substituted for 20 mM per liter of 
NaCl in the glycine experiments. It was not feasible to use a shorter time 
than 15 minutes, owing to the high concentration of isotope required to 
give measurable incorporation. 

Crude Albumin Preparation—The contents of each flask were then chilled, 
homogenized, and centrifuged for 20 minutes at 50,000 & g at 3° after 
addition of dilute acetic acid to pH 6.8. A crude albumin fraction was 
separated from the supernatant by addition of solid ammonium sulfate to 
50 per cent saturation, centrifuging, then saturating the supernatant with 
ammonium sulfate at pH 4.9, and centrifuging. While some loss was 
involved, this procedure served to purify somewhat the albumins from the 
radioactive substrates and from the contaminating liver proteins. 

Removal of substrate and contaminating proteins was further accom- 
plished by dialyzing the saturated ammonium sulfate precipitates against 
distilled water. Radioactive glycine was washed out by adding non-iso- 
topic glycine before precipitation and before dialysis. 

Four immunological samples, representing 0.25 gm. of incubated liver 
slices each, were obtained by precipitation with antiserum as before. 
Electrophoretic Separation—To the remainder of the crude albumin solu- 
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tions, representing about 4 gm. of liver slices per flask, were added 150 
mg. of purified chicken serum albumin (10) to act as carrier. Since the 
amount of albumin added was known, the total radioactivity in the serum 
albumin of the crude preparation could be determined by finding the 
specific radioactivity of the resulting diluted albumin. 

Electrophoresis of the mixtures (Fig. 3) showed a large homogenous 
peak, with a mobility of 7.1, and several small, red, liver protein peaks with 
mobilities of 2to6. The highest mobility encountered for any non-albumin 
peak was 6.3. Occasionally the ascending albumin peak was split. By 
means of suitable compensation a separation was made at mobility 6.5, so 
that in the upper cell of the ascending side a sample of protein with mobility 
6.5 or greater was obtained. In their studies of the mobility of liver pro- 


Fic. 3. Electrophoresis of crude slice preparation plus carrier serum albumin. 
The solution was dialyzed overnight against Veronal buffer, pH 8.6, ionic strength 
0.1, and subjected to a current of 25 ma. in a standard Klett-Tiselius apparatus. 
The curve is the descending cell boundaries of atypical run. Direction of migration 
is indicated by the arrow. The author wishes to thank Dr. Britton Chance of the 
Johnson Research Foundation for the use of the electrophoresis apparatus, and 
Mr. E. F. Gould for his advice and assistance in the use of this equipment. 


teins of the rabbit and rat, Gjessing, Floyd, and Chanutin (12) and Sorof 
and Cohen (13) presented evidence that serum albumin is the only soluble 
protein present in liver with mobility greater than 5.9. 

Separation Based on Solubility—The solution from the bottom and two 
lower electrophoresis cells was dialyzed against distilled water overnight 
and subjected to low temperature alcohol fractionation. The basic steps 
are shown in the accompanying scheme. 

The final albumin was a pure white protein which precipitated sharply 
upon a 3 to 5 per cent increase in alcohol concentration. This was then 
divided into five equal fractions at 25° by 1 to 2 per cent increases in 
ammonium sulfate saturation in the range of 57 to 65 per cent saturation. 

Counting of Samples—aAll of the protein samples were boiled, defatted, 
hydrolyzed, treated with ninhydrin, and the carbon dioxide counted as 
BaC4O; (9). Slice picric acid precipitates containing radioactive glycine 
were first dialyzed exhaustively to remove substrate. Total radioactivity 
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was measured on the immunological samples. Specific radioactivity was 
measured on all other samples and converted to total counts by calculation, 

Initial and final concentrations of glycine-1-C™ were determined by nin. 
hydrin treatment, and the observed incorporation of glycine into protein 
then corrected to correspond to a steady glycine concentration of 16 mm per 


Alcohol Fractionation Scheme 
Dialyzed against distilled water 


| 
Discarded 40% alcohol, pH 5, —15° 


25% alcohol, pH 6, 0.005, —8° 


Discarded 


| 
Discarded 


25°, alcohol, pH 5, 2 0.005, 


| | 
alcohol, pH 6, '/2 0.005, —5° Disearded 
Discarded alcohol, pH 5, 0.005, —15 
aleohol, 0.001, —3° Discarded 
Discarded 15°% aleohol, ['/2 0.001, 
Final albumin Discarded 


liter. The assumption was made that the effect of change in substrate 
concentration on incorporation followed a logarithmic curve (14-17). 


Results 


Numerical data given in Table I show the degree of agreement found 
among the serum albumin samples. The incorporation in liver protein and 
serum albumin is plotted in Fig. 4 in order to portray the time relation- 
ships. 

The 15 to 20 minute lag in incorporation of C™ into serum albumin 1s 
clearly evident in the curves of Fig. 4, and is seen to be independent of the 
method by which the albumin is separated. The similarity of the three 
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albumin curves of any one experiment signifies that the protein in which 
the C™ is appearing acquires the serological, electrophoretic, and solubility 
characteristics of serum albumin simultaneously. 


TABLe 
Incorporation of C' into Serum Albumin 


Incorporation into serum albumin* 


Substrate used | Time By solubility§ 


By electro- 


| 
| antibody} phoresis} Fraction Fraction Fraction 
| 3 4 
CO. 15 4.5 4.6 | 8.4 6.6 12 ee tae 
30 22 3 36 30 
| 60 25 | 45 | 200 (32 (300 255 | 20 
CO, 15 5.0 7.8 12.5 10.7 6.6 
‘ | 30 20 26 42 36 33 20 
“ | 60) 300 495 420,480 495-585 
Glycine 15 0.95 1.3); 0.88 
| 30 10.9; 8.4! 8.4 7.1 
| 60 47 53 101 67 | 5&4 49 
Glycine 180 360 345 360-375 | 375 | 455 


*In micromoles X 107% carbon per gm. of liver protein. 

t The immunological values are the average of four samples. 

t The electrophoretic values are single samples. Diffusion of slight amounts 
of proteins with mobility less than 6.5 into the upper cell during electrophoresis 
might tend to raise the apparent incorporation into these samples. 

§ The lowest value in the series of ammonium sulfate cuts is plotted in Fig. 4 as 
representing the incorporation into the protein with solubility properties of serum 
albumin. Since the added carrier diluted the albumin present (about 1 mg. per gm. 
of liver (10)) by approximately 40:1, the specific radioactivity of the resulting 
albumin would be appreciably lower than that of contaminating liver proteins. 


DISCUSSION 


The intermediate compounds whose existence is implied by these experi- 
ments can be described as either protein in nature or so bound to proteins 
as not to be removed by repeated aqueous and lipide solvent washings. 
They will not diffuse from slices during 5 minutes of vigorous washing in 
bicarbonate medium. The serum albumin “precursor” material exists for 
15 to 20 minutes, during which time it does not display either physical or 
serological properties of that protein. It is then converted by an “all at 
once” process into a serum albumin molecule complete with regard to all 
of these properties. 
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Absence of a significant delay in the incorporation into the liver slice 
proteins does not, however, preclude the function of intermediates in the 
formation of these proteins. It is entirely possible that protein synthesis 
in general proceeds via intermediates of a form precipitated by protein 


03 0.6 
(a) CO, (b) CO, 
Liver PROTEIN 0.47 LIVER PROTE! 
(x0.08) (x0.05) 
0.1 0.2r 
BUMIN 
ZALBUMIN 
30 60 30 60 
O. 
(c) GLYCINE 
LIVER PROTEIN 
0.0 (x0.005) 
002r 
ALBUMIN 
30 60 
MINUTES 


Fic. 4. Rate of appearance of various properties of serum albumin. The ordinate 
for all curves is incorporation of the given substrate in micromoles of carbon per 
gm. of liver protein. Serum albumin separation methods are indicated as iollows: 
xX, immunological (J); O, electrophoretic (EZ); @, solubility (S). 


reagents such as 1 per cent picric acid. Hence it is only by studying 
specific proteins isolated by other means that such intermediates would be 
detected. 

Intermediates of the above characteristics can be consistent with several 
of the current theories of protein synthesis. The peptide mechanism fa- 
vored by Borsook (2) and Anfinsen and Steinberg (7, 8) could apply if the 
peptides do not exist in the free state, but attached to heavier molecules 
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and indistinguishable from them by the usual techniques. The radioactive 
compounds which Winnick (18) and Peterson and Greenberg (19) have 
demonstrated to be removable from protein precipitates by alkali or mer- 
captoethanol treatment may represent such intermediates. The data of 
Steinberg and Anfinsen (8) indicate that the intermediate peptides may 
exist in pools of varying size and turnover rate. 

The template theory also appears capable of satisfying the above require- 
ments. The time delay observed in the case of serum albumin would 
represent the period during which the embryo protein is held insoluble on 
the template while its amino acids are accumulated. All of the properties 
of the protein would be expected to appear simultaneously, coinciding with 
the time of release of the protein from the mold. Labeled carbon atoms 
held on templates would be counted along with the labeled carbon atoms 
of the liver proteins. 

Several workers (11, 20-23) have reported that the microsomes incor- 
porate carbon before it appears in the other fractions of liver cells. It is 
possible that these particles, high in content of ribonucleic acid, which is 
often associated with the synthesis of proteins, contain the ‘‘templates” on 
which the proteins of the cell are formed. 

Evidence has previously been presented (9, 10) that the incorporation 
observed actually measures synthesis of new protein and not adsorption or 
the replacing of amino acids in existing proteins. A recent paper by Luck 
and Brunish (24) points out the need for constant precautions against 
interpreting adsorption of isotopes as incorporation. Dependence of C“%O, 
incorporation on the presence of oxygen (25) and, more important, the 
large proportion of serum albumin molecules which becomes labeled (10) 
are additional points for validity of observations made with the CO, 
system. Other evidence is discussed by Frantz and Zamecnik (16). 


SUMMARY 


1. The appearance of radioactive carbon in serum albumin has been 
found to commence 15 to 20 minutes later than does the uptake of radio- 
active carbon into the total protein of chicken liver slices. Non-labeled 
albumin continues to appear during this period. 

2. Labeled serum albumin has been separated from liver slice incubations 
by methods based on three different properties: antigenic activity, electro- 
phoretic mobility, and solubility. C™O. and glycine-1-C™ were employed 
as tracers. In either case, serum albumin appears to acquire all three of 
the above properties simultaneously. 

3. The results suggest that the conversion of amino acids into complete 
proteins requires a measurable period of time, and that the final step in 
this conversion is one which affects both the biological and physical proper- 
ties of the molecule. 
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